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TIME-TEMPERATURE DEPENDENCE OF 
AUSTENITIC STAINLESS-STEEL WELDED 
JOINT COMPONENTS 


Paper enumerates and (illustrates the several phenomena involved. Also, 


a series of corrective procedures are suggested for existing materials 


BY J. HEUSCHKEL 


Introduction 


The materials invoived were usually de- merate and illustrate the several phe 


Austenitic stainless ateels tend to retain veloped tor Use ID the unwelde d cond — invol ; d \ cries of corrective 
their tensile strength at elevated tem- tion under corrosive environments at procedures are suggested for existing 
peratures, and welded structures are normal temperatures materials. The long-range future solu 
thems‘ ft These base metals mav be brittl tion lies in the controlled processing of 
The short-time and long-time mechani- over 2450° F in some instances, that is high-te mperature alloys which are yy 
cal properties of such as-furnished base just under the melting temperature cially designed for welded applications 
metals, of the welding heat- and strain- They may also be embrittled after Precision control of welding 1s also 
affected zones of the base metal, and having been reeooled from 2450° F or ree 
ot the as-deposited weld metals are not above.* Narrow zones of base metals Detail Considerations 
always identical at any one tempera- adjacent to all-metal are welds are ex Karly weldments of the austeniti 
ture. The yield strength of the rapidly posed to such high temperatures for ('r-Ni steels were made from metal Jess 
cooled weld metal is usually higher than brief time intervals Another short- than */e-in. in thickness and, in suel 
that of the base metal.!~ An important time temperature zone in which brittle- structures, high levels of weld cool-dow1 
factor im mechanical structural per- ness often exists, particularly in as-ce shrinkage stresses were not usually en 
formance is the manner in which these posited weld metals, is between 1700 and ountered For those conditions most 
three components of the welded joints, 100” I Jetween the 1700 to 1900° I of the lower carbon materials were 
having similar compositions but non- and the 2450° F to me Hing point Zones venerally satisfactor but even ther 
uniform properties, respond as a unit to the metals may be duetil local cracking was sometimes encour 
nonuniformly applied stress and strain The as-welded metallurgical struc tered both in the weld metal and in the 
under the imposed orders of tempera tures may become unstable with time stress concentration regions of the heat 
ture and time. at temperature Austenitic steels unde iffected zones. These phenomena 
Fabrication and elevated temperature load at high and medium temperatures related to stress 
service cracking experiences with some tend to decrease in capacity to resist Carbide precipitation was experienced 
of the austenitic matrix type, Cr-Ni stress and strain with imereasing times with the early 0.20%, carbon content 
steels have suggested the need for a re- to rupture Phase changes, under the grades of sheets and plates Phe re 
evaluation of the characteristics of these impetus of temperature, time and stress iltant present low-carbon limits and 
and other high-temperature alloys for can cause nominally ductile alloys to the stabilized grades of the ¢ 
applications in the welded condition." become fully brittle at high, inter Ni steels are the outgrowth of those ear 
The existing metals processing pro- mediate, or room temperatures. This experience The usage of the tert 
cedures are also open to re-evaluation introduces the opposite and seldom stabilized” has proved to be unfe 
recognized extreme probiem; some oi tunate in that the original intent of r 
J. Heuschke! is Consulting Welding Engineer the welding difficulties in austeniti tarding carbide precipitation b Ou 
Westinghouse Eleetri matrix mate rials irise | om cold erack tive prevention of chromimm depletion 
Paper presented at the ASME Metals Engineer ing, lor example, in maltreated cast near the grain boundaries does not 
ing Division Conference held ip conjunction wit! Ings piv over-all attainment of metallurg 
iL buldo NY ——e The purpose of this paper is to enu- tability of all of the several phases 
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A, Final and incipient fractures 


Fig. 1 
by upon reproduction) 


which may be present. The niobium 
( columbium) stabilized grades have 
been found to have higher hot strengths 
and lower hot ductilities.! These steels 
are responsive to heat treatment, but 
not to the extent that they are «ue neh- 
hardenable. Some Cr-Ni steel castings 
ean be ductile or britth 
temperature, depending wholly upon the 
heat treatment of the individual speci- 
men 

In early steam piping applications, 


even at room 


ferritic steels were used and some 
difficulties were experienced as a result 
of the graphitization phenomena in and 
adjacent to the welds. Since steam 
pressures and temperatures have long 
been expected to continue to increase, 
it Was apparent to the power industry 
that improved materials for this pur- 
pose would be required, Because AISI 
Cirade 347 Cr-Ni steel retained highest 
strength at elevated temperatures, it 
was widely used for these applications 
More recently, field difficulties have 
been encountered with the AISI 347 
grade steels both in and adjacent to the 
welds in some individual components 
operating at or near LO50° B 


Fig. 2 Incipient crack (surface burst) 
on room temperature bend test origi- 
nating from transformed ferrite island. 
X 500. (Reduced by ‘/, upon re- 


production) 
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Incipient fracture in 25 Cr-12 Ni-1 Nb casting following brittle network (originally delta ferrite). 


Many of ('r-Ni_ steels 
have a two-phased structure; a three- 
dimensional network of delta ferrite in 
Such networks 


the as-cast 


an austenitic matrix 
may or may not be continuous. The 
proportion of ferrite present,’ its indi- 
vidual particle size and its distribution, 
are a function of average chemical com- 
position” and initial solidification rate 
The present technical dilemma is that 
adjusting the cast composition to the 
results in hot 


fully austenitic form 


brittleness because of contaminated 
grain boundaries while the ferrite par- 
ticles in the two-phased compositions 
subsequently become nuclei of failure 
at high temperatures, Also sigma and 
carbides readily form in the ferrite after 
which the steel is embrittled at and 
near ambient temperatures. Present 
deficiencies are only partially rectified 
by employing vacuum melting -tech- 
niques and by special alloy adjust- 
ments because Fe-Cr compounds form 
the base of the brittle sigma phase." 
It is not vet possible to predict the 
ultimate performance or the metal- 
lurgical requirements of a massive weld- 
from theoretical considerations 
alone Conventional short- or long- 
time test properties of the unwelded 
base metal within the usual range of 
test temperatures have failed to provide 
the basis for evaluations. 
Ambient or elevated temperature test 
properties of any other one component 
of the welded joints are also inadequate. 
The welding materials and proced- 
ures being used in the fabrication of 
necessarily 


ment 


accurate 


austenitic weldments are 
being subjected to critical review. The 
time-temperature dependence of — the 
tensile properties of weld metals de- 
posited in the austenitic Cr-Ni steels 
have now been partially described.) 
An outstanding characteristic of most 
weld metals is that a region of short- 
time minimum duetility exists at or 
near 1800° FF. Highest hot strengths 
are secured with niobium-bearing weld 
metals (AISI 347 and other grades), 
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Incipient fracture 


X 100. (Reduced 


F temperature there is a 


bye 


At the 
generally existent inverse relation 
tween weld ductilits 
However, not all weld-metal composi 
tions exhibit low hot ductility, that is 
at temperatures of 2200° F or less 
It was therefore necessary to examin 
between the 


strength and 


the variations observed 
different compositions 

Hot strength of iron-base alloy welds 
is increased with additions of nickel! 
manganese, molybdenum, niobium, ti 
tanium, carbon and nitrogen. Niobium 
is the most effective on a percentag 
basis. Additions of niobium 
nitrogen, oxygen and. silicon 
whieh de 
crease the capacity of the metal to flow 
in the hot condition. When the prod 
uct of the adjusted sums of the strength 
ening and the flow-reducing alloy addi 
tions are a minimum, the welds have 
maximum hot ductility! Conversely, 
when this product is a maximum, the 
welds have a minimum hot ductility 
Chromium has no significantly-strong 
influence on either hot strength or duc- 
tility; 
positive or neutral and in this paper 
for the usually constant amounts in- 


weight 
carbon, 
are sources of compounds 


its influence may be negative 


volved, is being disregarded 


Fig. 3 Incipient cracking in tensile 
specimen normal to load direction 
(origin in transformed delta ferrite). 
X 500. (Reduced by upon re- 
production) 
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Weld-metal hot strength has im- 
portant implications with respect to 


stresses and strains imposed upon the 
metallurgically damaged grain bounda- 
rics of the he at- affer ted zone ol the by ise 
metal. For any cooling temperature at 
which the strength of the weld 1 
greater than that ol the base metal, the 
cool-down shrinkage strains are ab- 
sorbed by the base metal If the base 
metal grain boundaries are mechanically 
weakened by metallurgical changes re- 
sulting from their brief exposure to high 
temperature, macro or racking 
may be induced during cool-down be- 
cause the high hot-strength weld- 
metal LT pore d shrinkage stresses, upon 
the adjacent base metal, which are 
above the fracture strength of the grain 
boundaries Also, on cool-down, Uf a 
brittle phase has pres iously been formed 
in the base metal, as in the sigmatiza- 
tion of or earbide formation in the 
coarse particles of delta ferrite of a cast- 
ing, the residual welding stresses can 
readily exceed the average boundary 
fracture stress and local cracking oc- 
urs. Best assurances for avoidance of 
initial base metal grain boundary crack- 
ing are therefore secured by using 
lower hot-strength weld metal, by using 
a welding technique that will not im- 
pose high shrinkage stresses upon the 


metallurgically-altered base metal w hile Underts 
it is in the dangerously low ductility metal cra 
condition and preferably by ulti both casts 
mately having «av iilable base metals product 
that are undamaged by brief exposures boundal 
to submolten temperatures form in 8 


In the abs 


In addition to suitable short-time 
t long-t metallur | st 
sroperties, long-time metallurgy st: 


bility and « ipacit to withstand stress 
grain boundary liquation initial cool- 
under prolonged periods at ele ited 4 
lown microcracks excessive Stresses, 
temperatures are required of the weld 
‘. hot brittleness, cold brittleness, newly 
metal and heat-affected zone as weil f , . 
formed phases, improper grain size, 0 
as of the unaffected bas metal Per 
local eutectic formations No one ol 
formance of the mechanical structure 
. these several features need be the sole 
is determined b the metallurgical 
eause of all of the cracking problems 


component of the joint that is first to 
rupture 
some pal 


It is a general characteristic of many may occu 


metals that both strength and ductility several of these phenomena 

decrease at elevated temperatures with There is a prevalent industrial opin- 
time under static stress Also, many ion that, for a particular composition, 
metals are not metallurgicallys stable two grades of forging steel are being 
at elevated temperatures, even 1 the furnished one satisfactory and one 
absence of strese Without an under unsatisfactory tor welding, the er 
standing of such phenomena, the prob- terion being whether or not cracking 


able perlormance of the joint as a whole 
cannot be accurately predicted The tions in pl 


industrial problem has been compli- 


eated by the fact that much of the processing 


necessary mformation Was not and ingot im 


still is not generally available to the breakdown of the as-cast dendritic 


engineering protession structures 


esses 


St, 


) 4 6 ) sAimen Temnerot: ° 
Transformed Delta Ferrite (% Heat Trea ent Temperature (100 F ) 
yriginal = 8.0%) (followed by ice water quench) 
Fig. 4 Influence of brittle transformation products on Fig. 5 Relations between grades of some Cr-Ni_ steel 


properties of cast AISI 309 + Cb steel at + 80° F 
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320 


280 


Nominal Wrought 
Grade 


$304 = 4 


O 
O 
— aw 4 
200 ‘509 
| 
i 
: ‘Average’ Frocture¢ 
Stress 


ngs and forgings. In wrought 


encountered: each ma plas its part in 


ours during or after welding. Varia- 


initial ingot pouring temperature, ingot 


Hold Time at Temp (hrs) 


go 309¢8 
4 Nominal 


id heat-affeeted zone base 


King fis been expe rienced in 


thes« ure sustenitic «grain 
eparatiol Such cracks can 


heets as well as in forgings. 


nee of clarification, such 


the base metal have been re- 


he due to the presence ol 


ticular situation Cracking 


r in the absence of one ofr 


eparation ol the molten metal, 


degree of first reduction of 


forging and completeness of 


may all be more important 


24 24 4 


* Original heat 
treatment unknown 
but improper 


409CB 


Same 
Specimens 


401 
0.2% Yield. 


409 
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castings, fracture stresses and heat-treating temperature 
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T ture Stre« - 
rue Fra ure 5S 360 

c f 
\ | Approx. Norma All tension tests x 
4 at + 80°F 
(Some damage indicated 
x from pr r treatments) 309 7 
a 120 
\ a 
| © (90 | ~ / 
£100 T / 
e 
J if \ 
Occured 
| 

© 60 n Area T 
— 
| 
0.2 % Yield | 
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cracks were not formed during the lustrates one facet of the weldability 
period of its presence Within these problem inherently different from that 
limits it is a thermaliy reversible rea of grain boundary liquation, carbide 
tion The make-up of sigma i not 


chemically unique but, according to 
Beck," it may be formed from most Table | 
combinations ol the | and 


V VUn* Fet 


pom Nb Mo Te Ru 
The elements set in italic t pe are Ta W Re On 


groups of elements in Table 1. The 
elements in column 3 do not participat 


those with which industry is concerned ; 
bcs h.e.p 


when dealing with the present Cr-Ni 


steels. The potentialities for the for * Cubic, complex. 
mation of sigma phase parti ularly tb.c.e., but this arrangement preferre d 
from the Fe-Cr rich delta ferrite, il- by Beck, 


Fig. 6 Inclusions, carbides and evtec- 
tic structures in cast 25 Cr-12 Ni-1 
Nb steel. X 100, unetched. (Re- 
duced by '/, upon reproduction) 


200 — 

180 Fracture Comp. (%) 
160 


120} Nominal - 
100} Ultimate 


80 
60} 
40}-+++ 
20}-0.2 & 0.5% Yield 


monstrable variations be carried over in 400 400 800 1600 2400 


steel mill ingot processing to cause the Test Temperature (°F) 
two reported conditions in forgings and 100 
Bol Elongations < Reduction in Ar 


60 Total 
40 

tion control, it is probable that much 20} Uniform: 
bs -400 0 400 800 1600 2400 


ing or as a result of welding is inherited 


from the original metal processing Test Temperature (°F) 


Are present specifications for welded 
hase metals directed toward control Fig. 7 Influence of temperature upon short-time tension properties of 


If there is an Type 307 weld metal as-deposited with covered electrodes 


factors in controlling forging welda- 


bility than compliance with nominal 
composition or mechanical properties 


of presently constituted specifications 
Drastic differences in properties, for 


a given piece of material, can most 


readily be demonstrated with castings 


bor selected COM positions a 2200° F 
solution-treated casting rapidly 


quenched, can be shown to be ductile 
vhereas one heated to 1500° F for 24 
hr and quenched is brittle, even at room 


Stress Values (IOOO psi) 


temperature Could these readily ae 


rolled produ te’? Also, castings may be 


high or low in inclusion content. With 
neither the initial inclusion or phase 
content variables .or the degree of 
breakdown of the cast structure in the 


Ductility 
Values (%) 


forgings being a matter of sperifica- 


of the wrong parameters’ 
equivalence between metal weldability 
hot qduetility, stress-rupture charac- 
teristics, microstructure, composition At 1800° F 
and metala-making practice, is it not T T = 
probable that the last item is the im | 
portant weldability factor’ If so, how 


ix it to be controlled, with due considera 
tion to both the technical and practical 


aspects of the problem?” 


Sigma Phase 


Sigma phase is considered by the 


authorities'' to be made up of a quasi 
hexagonally arranged unit cell contain 


ing 3O atoma, the end atoms in the ; 
hexagons being slightly raised Its ° | 4 as 
ductility at room temperature is essen 

tially zero. It is formed between 1000 ‘ l Poor 
and 1650° F and most readily near iO 12 14 16 18 20 22 24 26 28 30 


1 br Once formed, it can be cole Measured + 80°F Ferrite Content (%) 


pletely eliminated by heat treatment 
without detriment to the properties of Fig. 8 Relations between as-deposited ferrite content at +80° F and total 


the steel, provided damaging micro- elongation at 1800 F 
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Rh Pd 
Ir rt 

Ni = 9.6 

| 
__ 

GC 
N =0.048 

Cc | 
WwW 1 Vij | 

or 


of the solidified melt determines the in- 
Table 2—Properties of Castings (Fig. 5) elusion content of the metal which is 
Nominal AISI 300 series type 304 809 09Ch $47 later to ged, wrought and welded. The 
Chemical Analysis, Per Cent orginal inclusion ngated, in- 
Chromium 19.7 22 2 2 10 19.09 reased in width and decreased in 
Nickel & 59 14.0 13.83 11.00 thickness during subsequent working. 
Manganese 1 30 113 0 Of 0.75 For research purposes, inclusion identi- 
Silicon 0 Sé 0 21 0.79 0.05 fication is simplified by studying the 
Niobium tantalum 0.03 1.14 | parent casting 
Carbon 0.07 0 O51 0 055 0 O54 Suitable procedures have not been 
Nitrogen 0.040 0.029 published for the accurate prediction of 
Sulfur 0.010 the microstructural make-up of Cr-Ni 
Copper O11 have been published for the Fe-Cr-Ni 
Post« isting heat treatment | 2 050 2 O50 Lnkme None system under eq uiibrunm conditions, 
but commercial allo involve ten or 
0.2", yield stress, psi 29 , 250 28 200) 0,600 chaffles ram has been found to be 
Nominal ultimate stress, psi 70, 400 63,000 2,800 73,000 
Fracture stress, psi 2265, 400 133,000 2,800) 154,500 substantia rect for rapidly cooled 
Klong uniform 55.4 27 6 .6* metul-at tnetais of ¢ sentially con- 
total, 67.4 | 17.6 stant nominal nitrogen contents.” It 
Area reduction, ‘ 74.6 581 45 7.4 cannot ordinarily be used for massive 
Ferrite, % at R.1 6.2 2.5 2.0 2.6 castings or for forgings, plates or sheets 
Modifications for such usage have been 
* Broke on rising load uggest The AIST 304, 309 and 
347 grades are composition types which 
precipitation, and the oxygen-nitrogen period of the melt b blowing oxygen are often two phased as cast. The origi- 
compound formation reactions in the through the molten mass.“ This also nal delta ferrite particles are larger m 
presence ot the manv alloving elements results in the formation and retention castings than in weld metal (big. 1). 
of these svstems. On the other hand, of oxides, including silica and silicate These larger particles of ferrite melud- 
it is inaccurate to randomly ascribe all inclusions The degree of cleanliness ing the ferrite-austenite interface, trans- 
forms of brittleness to the presence of 
sigma because such brittleness may be 
caused by the presence of carbides, 28 
It is sometimes difficult to distinguish 
between the two phases All tension tests made at |I8OO0°F 
Castings 
24 | al 


Steelmaking starts with the 
metal for 


pre para- 


tion of molten casting the 


original ingot. Forgings, plates, bars 


rods and sheets are processt d from such 
Knowledge of the char- 


and 


cast mgots 
acteristics, properties, 
weldability of 
stitutes an 


tion in the 


impurities, 
therefore 
elementary first considera- 
study of the weldability of 
forged and rolled products 
Even at room temperature 
either ductile or brittle 
weldable or 


castings, 


castings 
hey 


nonweldable 


may be 
may be 
These 


composition 


properties are determined by the 
manulacturing procedure, 
solidification pattern and thermal treat- 


Little useful publis _ informa- 


ments 
tion is available on this subjec 
Most present-day Cr-Ni 
type made by 
furnace 
of alloy 
are used. 
to an air eny 
semiprotection offered by the 


austenitu 
steels are electric-are 
melting, using from 60 to 70% 
steel scrap. Carbon electrodes 
The molten bath is exposed 
except for the 


turbulent 


ronment, 


floating surface of molten slag which 


covers the bubbling liquid steel. This 
accounts for the fact that the nitrogen 
contents of the Cr-Ni steels, ranging 
from 0.03 to 0.05°%, are higher than 
the about 0.003°, common to open- 
hearth carbon structural steels. Car- 
bon and other constituents such as 
silicon are lowered during the final 
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rae) 


Strength (100 psi) 


Nominal Ultimate Tensile 


Covered Electrodes 
(deposited as beads) 


~~ 
4 


Argon Shielded 
(deposited as layers 
+& slower cooling rate) 
| 


| 
| 


0 


alloy metal-arc welds tested at | 800 


Heuschkel 


10 


20 


30 40 50 60 


Weighted Alloy Additions (%) 
Ni + 2(Mn + Mo) + 40 Nb+ 1OC+30N+25Ti 
(See Table 4 ) 


Fig. 9 Tensile strength-composition relations of as-deposited iron-base- 
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form in part into carbides and/or sigma 
phase when subject to sustained treat- 
ment between 1000 and 1600° F. Both 
brittle, Castings therefore become 
brittle when subject to such treatment 


are 


prior to, during, or subsequent to weld- 
ing. Buch eracked dis- 
astrously at nominal temperatures and 


enstings have 


stresses, The average fracture stress for 
one such maltreated material has been 
to 0.000 at 
temperature for properly 
heat-treated castings such stresses are 
from 200.000 to 240,000 The 


consequences of the low fracture stresses 


shown be as low as 


w hile 


perl 


were clearly illustrated by the complete 
catastrophic rupture which occurred at 
alter 
12 deg in a welder’s 
longi- 
tudinal section across the fracture (Fig 
1A) that cracking 
within the original ferrite regions which 


room temperature an angular de- 
formation of only 
qualification-type bend test 


shows originated 


had been transformed into the brittle 
eign and carbide 
In another example, surface bursts 


found in room temperature bend test- 
ing originated in, and were confined to, 
the brittle phase resulting from trans- 
formation of delta at the 
sion fiber (Fig The raised region 
is the result of the local stiffening by 
the more brittle phase. The 
austenitic matrix had a DPH hardness 
of 195 and the 
brittle phase had hardness values of 
519. Hardnesses in the sigma phase as 
high aa 1980 have been reported in the 
literature,” 

Longitudinal sections taken through 
tensile specimens which had been rup 
ut 
ently and repeatedly showed the imitia- 


ferrite ten- 


2) 
harder 


companion regions ol 


tured room temperature consist- 
tion of failure to be in the original ferrite 
islands which had been transformed inte 
the The micro- 
arma ks are 
Such microcracks were not found in see- 


brittle forms (Vig 
normal to direction of load 


tions taken from tis 
prior to straming. The orginal larger 
ferrite islands in the 
the microcracks in the brittle phase to 


castings permit 


long under low 
ks 


damaging!) 
Such 


become 
at 
gate around the more ductile 


orders strain propa 


matrix (Pig, | example Fracture 
under these conditions occurs at low 
orders of strain because local 
results while the average stress is less 
than the nominal true tracture stress 


ductility 
pron hed zero for this metal mn the un 
notched tensile when all the 
original 8.00) of magnetic delta ferrite 


Room-temperature 
condition 


had been converted into the nonmagneti 


brittle forms of sigma and or carbides 
by heating to 1500° F for 24 hr and ice 
water quenching the O.357-in. diam 
round (Pig. 4) The fact that, after 
thix treatment, more than 00°) of the 


total volume of the metal was still com- 
pose dof the ductile austenity had 
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the 
phase 


no significance: eseentially con- 
tinuous brittle network 


pletely determined the mechanical char- 


com- 


acteristics. Solution treatment of com- 


panion. specimens of the embrittled 
casting at 2200° F for 4 hr, followed by 
an iee-water quench, reconverted the 
brittle phases back into the ductile 
delta ferrite form. Except for the fact 


that microcracks had been formed which 


resulted int permanent damage the 
oryginal properties would have been 
restored The shaded region of the 
fracture stress curves (Fig. 4), show 


some permanent damage had been done 


to the metal by this treatment. The 
use of average true fracture stress (final 
load before rupture divided by final 
cross-sectional area) as a eriterion of 
suitability of an alloy is therefore a 
valuable approach 


The conventional measured elonga 
tion values in specimens having a brittle 
second phase may include the sumnia 
tion of all the micro and macrofissures 


The unqualified use of such data tends 


to conceal actual conditions The 
variation in reduction of area from 41 
to wn, secured by double heat treat- 
ments (Pig. 4), placed only a slight 
doubt upon this lot of metal while the 
low average true fracture stress values 
definitely emphasized the deficiencies. 
The vield stress values showed no 


striking differences with heat-treating 
temperatures. 

In the usage of an arbitrary specifi 
cation requiring ISO deg angle of trans- 
the of 
amounts sigma 


occurrence 


ol 


verse bend without 


surface bursts, low 


I 
J 
I 


ferrite are 
of ferrite 


w carbide converted delta 
The 


yarticles converted to sigma or carbide 


vermissible number 
er square inch of surface must be no 
nore than the number of surface bursts 
vermitted per square inch. The welding 
woblem is to assure that all of the 
wiginal ferrite is present as ferrite be- 
ore welding and that the thermal con- 
litions during welding that 


are such 


sigma and carbide conversions do not 


‘ 


has 


production 


The problem of how to specify suit- 
ible castings for welded applications 
fully by steel 

foundry metallurgists 


not been answered 
or 


ind should become the subject of joint 


action by interested technical and scien- 


tific 


satisiactory 


organizations. The final problem 
will be control of the manner for making 
metals and then maintain 


ing suitable thermal and stress gradients 


during welding with proper atmospheres 


Prior studies have shown that 1500° F 
is about the center of the sigma forming 
range.” By treating a of fin- 
ished tensile specimens from four dil 
ferent castings to 1200, 1500 and 2200° F 
for sufficient time periods, it was shown 
that the coarse ferrite particles were 


converted into a brittle form at and 
near 1500° F (Fig. 5) Calibrated 
Magne-Gage determinations on these 


brittle samples showed reductions in 


magnetic response. The fracture stress 


curves show minimum values were 
secured after the 1500° F treatment 
Deficiencies were not readily apparent 
from either the nominal ultimate 


or the yield stress values. The welding 
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tests at 
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Product of Strengthening and Boundary 
Contamination Factors 


[Ni+2(Mn+Mo+ 40Nb+10C + 30N +425 Ti]X 
[10-O, + 1.5 Si + Nb] 
(See Table 4) 


Fig. 10 Tensile ductility-composition relations of as-deposited iron- 
base Cr-Ni steel metal-arc welds tested at 1800 F 
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Fig. 11 Stress-rupture data for Type 307 weld metal 
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Fig. 12 Stress-rupture data for Type 347 weld metal 


ind’ casting industries too olten ignore magnitude until the equ il the fracture 
the significant observations which may stress of the base metal. It is therefore 
be obtained from the use of true frac lear why sigmatized castings have re 
ture stress peated] cracked wijacent to the welds 
The relative thermal response of tour Several such experience ire known 
common! ised compositions are also Cracking of this type occurs on the iow 
shown in Fig. 5. The 304 grade (Table temperature side of the cool-down 1 ge 
2) had the higher fracture stress over is the residual welding stresses increase 
the full range of heat treatments, and Sigma phase is not present at the high 
is known to be the least susceptible to temperatures Sigma-induced cracking 
iriance in welding. However, even in is therefore a “cold-cracking’’ phenom 
that allov, some loss in fracture stress enon independent of the austeniti 
vas induced The 347 grade, essen matrix 
tially 304 with miobium added, was Phe unetched structure of casting 
ilso susceptible to heat treatment and ecommoniv reven the presence of circu 
had a lower fracture stre Thi vas il pheriwa or regular wnclusions 
the on tem tested as-cast The ig. 6 Also revealed by this proce 
347 grace more iIsceptible lure ire the truecture ind 
than 304 ft velding iations The nromium or mobil 
grade vith its higher chro These test data 7) source of 
mium content ontains more deita ter veldabilit ian hicl has never 
rite and can be more read) winatized heen fully evaluate In large hilled 
The addition of niobium to this grade ts nygot f the cor yr rate and the lowest 
expected to make the steel more sus ittained temperature e such that brit 
ceptinlie to md carte tie phases ma ey ooling and 
formation The 309 Nb example is an hrinkage stresse the massive ingots 
extrem eoln isting heat treated rite ipture burst 
that it insuitable for welding When these e ingot ure iter re 
Because of the internal damage suisedd eated for hott ml the racked 
the priv treatment. if not le reg ire re erte nto delta fe 
wed | eheat treatment rite ‘ thy halbl 
Brittle fracture occurs when the unbonded racks need 
cool-down elding stresse iu not tu reweld irther proce ny 
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ling Che control of ingot proc- 
essing, therefore, becomes a potential 
source for iriance in ultimate weld- 
ibilit particular for compositions 
vhich are two-phased upon initial 
lidificat 
From m observations it 18) also 
known that mal the presently pro- 
duced full suste t compositions are 


Crack ensitive luring processing, pre- 
becuse excessive con 
tamination at the grain boundaries of 
the high hot-strength austenitic matrix 


Weld Metal 

Kach bead or layer of weld metal ts 
continuous! il ist olidified in 
intunate contact with the contaming 
mold, while being highly restrained dur 
ubsequent to solidification by 
the elastic rigidity of that mold Its 
propertic ire’ therefore substantially 


different from those of castings of the 
nominal composition The two- 
phased structure have finer ferrite 
particles than castings. Coring may be 
present 
Short-time Tensile Properties 

The microstructures compositions 
ind short-time tensile properties of 
typieat metal-al weld metals as influ 
enced hb temperature have already 


been reported Best short-time high 
temperature propertie were secured 
with a 20° Cr, 10% Ni, 4% Mn, 0.99% 
\io composition, known commercially 
is SO7 grade (Fig. 7 Chis electrode 


vas originally developed for the welding 
of ferritic armor Ite short-time 1800" 
| trength is as low that of the 347 
grade forgings and plates and therefore 


during pnitial cool-down lower stresses 


ire imposed upon the adjoining ther 


mis iltered and metallurgically-dam 
ged base metal Phis becomes unpot 
tant when welding ma e forgings, par 
ticular vith nventional techniques 
vherein the highest levels are 
boul ip in the outer one third of the 
depth of the weld gro ‘ 

There is, in general, an inverse relation 


between short-time weld metal strength 


ind duetility at the 1S00° F tempera- 
ture of nunum duetility, but there are 
ynificant differences between the sey 
ern! position grade for each tem- 
perature eve I} ‘ Ol positions 
which have the best combination of 
strengtl ire preferred 
provided the have eptable stress 
rupture ne reteristics and 
ire metallurgi table with respect 
tn 4 | the exent the time 
temp. ture dependence ol tress and 
trai t be deter med for each mdi 
type eld composition, The 
heation of roe termperature short 

time properti neaningless 
The hea lependence industry has 
pia ed ‘ ! thie of 
room temperature delta ferrite to inhibit 
initial cracking veld metals has not 
575-6 
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been fully justified. This is only one of 
several controlling factors, and its pres- 
ence may be as harmful as it is helpful 
At the critical temperature of 1800° F, 
for example, the ferrite 
definite influence upon capacity to strain 
without rupture (Fig. 8). There is 
limited substance to the concept of 
ferrite control; some higher ferrite con- 


level has no 


tent welds have lower hot strength and 
more capacity to flow before rupture.’ 
This appears to improve ductility at 
The zero fer- 
the ones fully 


submolten temperatures 
that is 
austenitic at room temperature tend to 


rite content welds 


be stronger at elevated temperatures but 
the presence of foreign matter concen- 
trated at the grain boundaries causes 
weakening at Such 
welds have low flow.’ 
Austenitiv therefore hot 
brittle not because they are 
but they 
strong matrix and are 
weld 


elevated 


those locations 
capacities to 
welds are 
austenitic 
inherently 
dirty.” A clean 
stable for long 
temperatures is 


because have an 


austenitic metal 
times at 
needed, present practical compro- 
mise is to use a 2-80) room-temperature 
ferrite content 3-5%, 
with composition selected so that it pro- 


weld, preferably 


vides deposits, as-made, in the upper 
portion of the hot-duetility range (Pig 
5) 

Low-carbon-stee! weld metals have a 
short-time ultimate strength at 1S00° F 
of about 6600 psi. The introduction of 
nickel-free 


chromium to low-carbon 


Incipient crack adjacent to 
rupture in shoulder of stress-rupture 
specimen (5000 hr at 1050° F, 0.3% 
strain). X 100 


steels (Table 3) adds little to the as- 
deposited strength, 


Table 3 


Nominal Ultimate 
(7 strength at 

1800° F, pai at 1800° F, 

6600 24.7 

23 5 

7040 15 0 


Total 
elongation 


content, 


5 
2 


In a previous paper,’ chromium was 
considered to detract slightly from the 
strength of the austenitic matrix ‘weld 


metal at 1800° F. That is true in some 
instances but it appears that chromium 
alone has little influence on the 1800° F 
strength. Strength at IS800° F for 
covered-electrode weld metal and the 
weld composition can be approximately 
but usefully, correlated by considering 
that nickel, manganese molybdenum 
niobium, carbon, nitrogen and titanium 
all add to the hot strength 
Table 4). The highest strengths are 
secured with welds containing niobium 
which has a powerful effect per unit 
The niobium-bearing 


(Fig. 9 and 


weight per cent. 
welds of Fig. 9 involve only the 20°; Cr 
10% Ni type compositions, but other 
experiments have shown that the same 
strengthening effect is secured regard 
less of whether the matrix is fully aus- 
tenitic or two-phased at room tempera 
ture (Table 5). 

The mechanism by which 
produces the powerful effect on hot 
strength and ductility is not yet fully 
understood, 


mobium 


Argon-shielded, weaved -layer-de 
posited, niobium-bearing, weld metals 
have lesser strength and better ductili- 
ties than bead-cde 


posited welds of the same composition 


covered-electrode 


Such welds cool at a slower rate 


It was previously reported that best 
ductility is secured the 
strength was a minimum and 
boundary weakening influences 
minimurm.' Conversely 


when weld 
grain 
were 


also a mini- 


Table 4—Summary of Weld Compositions and 1800" F Properties 


1800° F values 
Total 


elong 


Tensile 
Code strength 
mark pa 

Z 5,000 
Ww 7,100 
K 8400 
4.040 
10,720 
10,950 
11,450 
12,430 
12,700 
12,870 
13,000 
13,200 
13,300 
13,540 
14,200 
15,000 
15,135 
15,400 
15,050 
17,000 
17,4060 
17,800 

18. 800 
19,000 

10, 520 
21,100 
22,120 
23,470 


Chemical composition, “; 


Mn Mo Si Vb 
0 59 Nil Nil 

0 86 Nil Nil 

Nil 0 

0 O64 7! <= 

0 O57 


0 


( 


0.110 


005 
O49 
Oll 
043 
O5 

O42 
027 
O54 
026 
02 

O13 
028 
026 
O51 
05 


03 
Ol4 
O42 
O4 
028 


05 

O4 

0 O19 
0 026 


* Also contains 1.40' 
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% Ni N Ti Cu 
247 Nil Nil 0.10 0 007 
17.6 Nil Nil 0 O8 0 012 0 
37.3 94 3 0.10 0 O44 0 0.03 0 12 
Is 1 204 10 6 5 0 O34 0 061 0 0 07 0 24 
18 8 m4 2 0 O51 0 069 0 0 05 0 13 
Ik 6 20.2 10 0 i 0 44 0 00 0 05 0 048 0 0 06 0 12 4 
31.3 24.7 13.7 gil 0 49 0 03 0 O08 0 048 0 0 05 0.13 
10 6 16.5 & 45 147 0 35 <0 08 0 054 0 O83 0 
26 6 10 6 12.4 26 104 0.31 0 03 0 06 0 029 0 0 02 013 
0 64 0 95 40 <0 05 0 048 0 0 05 0 14 
45 19 8 111 66 0.71 0 25 0 04 0 055 0 0 05 
38 6 17.3 06 44 013 0 74 0 0 07 0 013 0 0 34 011 
5 6 24.5 19.3 0.10 2 02 0.03 0 09 0 039 0 0 04 0.10 
17.3 16.4 76 1 44 0 39 0 07 0 058 0 O82 0 
12.7 25.9 0.18 0 41 0 03 0 11 0 035 0 0 04 0 20 
74 20.40 92 58 46 0 62 0. 04 0 036 0 0 03 0 12 
15 8 19 6 0 RY 78 0014 0 18 0 50 0 O51 0 047 0.09 
10 7 11.2 56 0 73 O81 0 04 0 041 0 0 07 
: 13 7 2 13 76 0938 0 61 0 96 0 048 0 061 0 0.09 0.17 
91 19 4 1 51 0 O74 0 50 0 81 0 043 0 035 0 0.10 0.13 
217 9.2 ol 0 07 0 63 0 81 0 06 0 O84 0 011 
78 17 1 33.0 0 06 0 52 0.03 16 0 019 0 0 04 0 O08 
& 4 Repeat of A 
5 7 m9 99 56 0 69 O81 0.05 0 046 0 06 0.14 
121 1” 1 116 62 0 07 0 59 0 87 0 05 0 ORS 0.11 
& 2 19 3 10 7 63 0 63 0 66 0 06 0 064 0 07 0 07 
16 5 9 7 8 h2 0 O16 0 33 0 59 0 056 0 135 0 0 12 
via 10 4 10 1 0 022 0 35 0 0 096 0.10 0 09 


mum ductility could be expected when 
both Additional 
data (Table 4) tend to support this view 
point (Fig 
produc t levels other factors enter into a 
determination of the hot ductility 


were a maximum 


10), although at the lower 


The weighted relations shown in Figs 
9 and 10 not be considered as 
final or They do 
ever, provide an empirical rationalization 
of the 
effect of the presence of oxygen 
gen 
posits Item 


need 


exact unique how- 


magnitude of the detrimental 
nitro- 
silicon and niobium in the weld de- 
for example showed 
that lower silicon and niobium contents 
improved hot ductility 

Stress-Rupture Properties 


One characteristic of the short-time 
that 


the maximum re 


weld metal is 
1500° 
it is 
tensile strengt! 
of less than 1% 


Is no strain h 


properties ol the 
above about 
sisted load, th the nominal ultimate 
is developed it a strain 


Above 1500° I 
irdening and flow to rup 


there 


ture becomes continuous at decreasing 


loads As temperatures are decreased 
flow occurs at constant loads but longe 
times are required for rupture. Thi 
phenomenon is known as time-induced 
stress rupture 


flow plasti i ly 


Inadequate capacity to 
may sometimes be a fac 
tor in causing early fracture 


The high 
properties of the 4% Mn, 1% Mo 


temperature stress rupture 
307 


46 4 


(20+ logt)x!Q° 
Fig. 14 Rupture strength of Types 307 and 347 stainless- 


steel weld deposit 
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Table 5 


1800° F Short 
Vominal composition, 
Without 

Vo Vb 
11,450 
14,200 
12,700 


timate 


ti 


me prope 
strength, p 


per hy 


magation, 
With 
144 
201 
Is 6 


weld 


wle plate ire 


metal, when deposited on 
wiequate to assure 
freedom from initial solidification 
heat-treatment cracking 
tood over 


80000 psi 


postwelding 
Such welds have wit 
1050° F and 


without wn ol 


exposure at 
atress 
exhibiting a low 
Fig. I1) The n 


time points on the graph » the 


rupture while 
rate 


imbers heside the 


secondary cree p 


2 of elongatior recorded time ol 


comparise tress-rupture data 


vn in Fig or one 347 « 
electrode weld | i! 347 
These data have 


ld experience 


relation 
Known 
an elongation only 
hort-time tension sat at 
urring at 19,000) psi 


11,000-psi 


> in 
| 
with rupture o 

At 1800 and 
stress-rupture 

failed in O.18 hr 
tion and at SO00-psi stre 


pecimen veld 


ifter on elongs 


mother com 


Fig. 15 


steel forging. X 100 
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at 


rupture 


(Reduced by 


ruptu 


hr after 


inversion 
ina 
ithstood 17°; 
It had been 
treat 
pe weld hot duu 
pture data there 
for the exust 

of time and 

il treatment 


rupture time 


olution heat 


ilk with indus 
erved cracking 
ol tiassive re 
ibove 1700° F 
higher 
irst be heated 
range 


residual 


iperature 
through the 


re often such 


exceed the 


Crack at toe of fillet weld in Type 347 stainless- 


upon reproduction) 
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rlies (stra te = 
| W ithe 
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19,140 
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21,250 26 6 
only elongation 
interest the 
tre Is 
Phis spe 
elongation before 
hown earher! that 
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For The higher stress, shorter 
pertor nee also r 
dunng heat treatment 
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severely limited capacity of the metal 
to flow and local rupture oecurs 

With 30,000-psi stress at 1050° I rup- 
ture started to oecur after 5000 hr with 
only 0.3%, strain. The weld contained 
10, of delta ferrite in the room tem 
perature as-deposited condition, An 
average of 5.0% remained after testing 
1.4% had been converted to nonmag- 
netic phases or compounds within the 
test period, Rupture oecurred 
in this particular specimen at the 
shoulder of the specinen indicating 
sensitivity to stress and strain concen 
trations. Secondary cracking, originat 
ing in the region which was originally 
ferrite, existed back of the rupture (Fig 
13) 

Engineering parte are designed to 
operate at lower stresses but a long 
operating life may be required. The 
laboratory data therefore again tend to 
substantiate field experience and, prop- 
erly timed in advance of “engineering 
design, they serve as an accurate fore- 
east of the ultimate probable perform- 
ance during the usage of such low-due- 
tility materials 

The stress-rupture data may be use- 
fully related to observations from other 
materials, By treating the data in 
accord with the Larsen-Miller paraim- 
eter,™ that is 


P 7 (25 log 0) 


where 7’ is absolute temperature and ¢ is 
time to rupture in hours, it was observed 
that the values of the stresses for the 
same temperature-time conditions were 
less than those previously deseribed for 
12% Cr steel” The same values, 
however, were similar to those reported 
for niobium-bearing weld metal on a 
parameter of 


(20) 4 log 0) 


The KAPL and B & W data of Fleisch- 
mann were based upon somewhat longer 
time intervals at lower temperatures 
than those of Fig. 12.7% However, only 
minor differences were found in the 
values (Fig, 14). For longer periods of 
time under stress the magnitudes of 
stress resisted are lower, This corre 
lates with the known tendencies for all 
metals. Ferrite conversion to sigma or 
carbides with increased time may be a 
factor in these results. The fact that 
data from three independent laboratories 
can be correlated as closely as shown in 
Fig. 14 is scientifically encouraging, al- 
though the unanimity in finding low 
ductility at elevated temperatures may 
temporarily be discouraging from the 
practical viewpoint 

The 4°% Mn metal, Type 307, has 
about the same stress-parameter curve 
the strese values being slightly lower 
than for the 347 metal at the lower 
parameter, temperature values 


(Fig. 14) Based upon a comparison of 
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Fig. 16 Service crack in weld and heat-affected zone of 347 steel forging. 


X 100. (Reduced by ' ». upon reproduction) 


stress to rupture, there is little choices 
e Cr-Ni- 
Mn-Mo welds under condition ol 
tinuing strain. However, in a substan- 


between the Cr-Ni-Nb and th 


tially static structure, such as a steam 
pipe, it would appear that the 
capacity of the 4% Mn weld to strain 


without rupture would provide local 


higher 


adjustments in the composite metals of 


the welded joint so that rupture would 
not occur In this respect, the 40, Mn 
Nb 


grade metal is superior to the 
grade 


Forgings 


Forgings may represent an 


in reduction and alteration f 


original casting and therefore from the 


rom the lat 


cast structure. Unless otherwise speci- at 


fied and required, some of the original 
al 


east structure may remain in 


the fin 


forging, particularly near its centr 


portions. The degree of first and total 
reduction and the temperatures of those 


the 


acceptably 
published 
two features are not known to exist, it is 
probable that ultimately full control of 
the forging process will be specified for 


Heat-treatment 
curred in the base metal at the toe of an 
outside corner fillet weld on a rectangu 
347 


attachment to 


heavy 


shown in Fig. 15. 
the grain boundary 
welding or subsequent heat treatment 
probably the latter 
crack 
ticularly highly stressed 
grain boundary 


correlations 


of commercial forgings. 


cracking 


a 


Whether 
ut 
pont 


nucleus occurred 


weldable materials 
between 


contaminant 


reductions therefore probably 
Vital part of the process of producing 
While 
the 


procurement of weldable-grade forgings 

Some cracking difficulties have been 
experienced during welding, heat treat 
ing and service in the heat-affected zon 


whic 


forging 
The crack occurred 
either 


during 


or 
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Fig. 17 Temperature-ductility relations found for AISI 347 steel of 


poor weldability history 


Heuschkel 


Stainless-Steel Welds 


WELDING 


{ESEARCH SUPPLEMEN’ 


: 
A 
\ 
t 


concentration region or at a local slag danes and inclusion nucle Fig. IS In tional fluid metal pressure of about 
inclusion, the path of propagation was such test speciume the true orgim ol sof grain boun 
along the austenitic grain boundaries failure is never known but the inferences at soparatiot hen they oceur, are 
The forging contained numerous obvious < that the fracture face is simply the extruded full of olten metal from the 
inclusions ounection of hundreds of local micro weld nyot and sithin the very short 

A steam pipe which had been in ser- nuciel In a ¢ ier loaded in axial time period involved and il the essential 
vice for five years at L050° F developed tension, the point of sumum stress is nternal absence of oxygen, the short 
the crack shown in Fig. 16 Such crack it the center In «a resistance-heated duration separation ire resealed upon 
formation and propagation involves specimen the highest temperature vould resoliification and ibaequent cooling 
weld and base metal properties, joint ilso be at the cent \ further fea prick sure 
geometry, residual and tmposed stress ture in such a test, which involves cur \ iy phenomenon mn the absence 
temperature tine =o metallurgical rent densities of the order of 200,000 of hvd tatie pre ire and Compressive 
stability considerations inp per sq in that during resistances 

Data secured from the Rensselaer heating the grau itriees and boun 


resistance-heating —hot-duetilit test daries constitute «a continuing series 
technique on i similar lot of 347 forg through hich the eleetme cul 
ing which had an unsatisfactory short rent passes If and hen the gram 
time weldability history are shown in boundaries are riel nonmetathe eon 
P Fig 17 This forging has the compos notre them higher resistance promotes 
tion ocnlized thenting If the COMpOsition 
Cr, & ik 6 Mo, 18 ind) precipitated it the gran 
Ni, ( J O45 boundaries are such that the ire allo 
Mn, ‘, 1 48 N, 0 neh. their resistance would also tend to 


Nb + Ta, 0 56 r, 0 021 high and their melting poimt lower 


The ‘ 
On heating. the metal exhibited good several feature mbine to eust some 
ductility up to 2400° I At and above question on how to interpret the resist 


2400° F, the ductility dropped abruptly ince-heated mder type of test 

when measured by reduction in area ot Cross correlation with other methods of Fig. 19 Peripheral edges of high- 
elongation over a gage length corre heating and test technique be wii current spot-weld nugget showing 
sponding to 0.75 in. When the com NeECOSSATY Sone fot of submoliten persistence of grain boundary melt- 
panion specimens were ruptured upon test, made to BOCK ite control, will prob ing x 100 (Reduced by upon 
eool-down from a 2450 peak tem ultimately recognized TO! reproduction) 

perature, the elongation and reductions the pre-evaluation and acceptance oF 

in area secured were much less than for rejection of allo for welded applica P ‘ p 

the original conditions (Fig. 17, lower tions Such imposed tests will be met a 
eurve The nominal melting pomt of onl more accurate control of the 
the Cr-Ni steels is about 2600° Ff metal processing At present, vendor 

Achievement of a temperature within do not accept such requirement 
150° F of the melting point therefore bas for furnishing high-temperature 

was sufficient to result in) permanent ille | 


metallurgical damage to the base metal 


Sheets and Plates | 


Following that damage the orginal 


properties no longer existed, All ar Phe aspect of grain boundary separa “- - 
welded jomts contain zone heated to tion under tensile tre vhich oecur 
within 150° F of the melting pommt through the mechalr of loeal melting 

The microstructure of the metal just eal, but it is or one part of the 
back of the fracture reveals the pres problem. This was demonstrated early 
ence of substantial amounts of inelu n the making of spotwelds in thin rolled | 
Secondary rupture occurred at sheet hig. 10 herem the molten ar 
the higher temperature it grain boun nugget of meta under an all-clires sana 


Fracture nickel-plated to ° we STRUT ION 


protect edge P 
Fig. 20 Center hole specimens 


Fig. 18 Rupture and incipient cracking of 347 forging at 2000 F after cooling Fig. 21 Cracking back of arc spot in 
from 2450° F. X 100. (Reduced by upon reproduction) 0.05-in. thick 347 or 310 sheet 
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st 
f Bg ats 


stress can result in damaging cracking. 
Buch a condition can be shown to occur 
for rolled sheets of many com positions 
For test purposes, a strip of 0.05-in 
thick sheet steel 1.5 in 
in simple tension under conditions per- 
mitting motion (Fig. 20). When a hole 
i# drilled through such a 
stress concentrations exist at the edge 
of the hole, right view If 
drilled hole, a welding arc is struck to the 
center of the sheet so that the 
heated through the thickness above a 


idle Wits loaded 


specimen 
instead of a 
metal is 
red heat, cracks can be observed to form 
on the 


is shown in Fig. 21 
tures of this action clearly show the hot 


reverse side. A typical example 


Color motion pic- 


metal, in the region of stress concentra- 
to the 
cooler adjoining metal which has ample 


tions tear progressively into 
capacity to flow, elastically and plastice- 
ally Such stress 
adjacent to the 

thicknesses of materials 
stration-type test has been used by the 
but it is 


suitable for precise soentific evaluations 


concentrations exist 
all 


This demon- 


molten crater for 


author for several years not 

Plates and forgings of the types de- 
scribed do not have a region of short- 
time low ductility at L800" F (Table 6); 
also, they are not damaged materially 
by holding for 24 br at 1500° F as was 
for Their 


grain boundaries may be damaged by 


the case castings (Pig. 5) 


Mor 
100 2200°F isoo*Fr "As 
Treg! Ireot Mode” 
Solyt 
2»0lu 
Treated 
Piote 


Weld Metal As Deposited J 
) : 
400 ) “ 800 1200 1600 2000 2400 rd 
Test Terperoture 120 
2 


Solution Treated Plate 


| 
~ 
Weld Metal As Depositec 
400 ( 40 800 1200 


2 #0 olution Treated Piote | 
4 
© 40 


Weld Metal 
As Deposited 


400 0 an 


800 
Test 


1200 


Fig. 22 


upon ductility of 0.81% Nb weld metal and welded-joint 
specimens in 0.88% Nb plate 


5S80-s 


1600 
Temperature (*F) - 


/ ‘ 


Temperature (*F) 


Influence of test temperature and heat treatment 


Table 6—Tensile Properties of Plates and Forgings at 1800° F 


Base metal type 304ELC 
Proportional limit, psi 1400 
0.2%, yield stress, psi HO8D 
0.5% yield stress, psi 7140 
Nominal ultimate stress, psi S500 
Average fracture stress, psi 8210 
Uniform elongation, 11.1 
Total elongation, “% 30.2 
Area reduction, % 26 WO 


*/-In. rolled plates forgings 

347 347 
10,200 9 560 
12,400 11,200 
12,800 11,500 
13,060 12,320 
14,180 17,650 

5 O05 10 22 
31.74 51.25 
35 51.30 


heating to near the melting point, but 
the ELC 304 grade plates have been 
found to have excellent ductility even at 
2450° F. 
Composite Weld-Base Metal 
Properties 

Longitudinal composite tensile speci- 
mens can be used to demonstrate that 
in general, the performance of the com- 
bination of the three metals involved: 
weld, heat-affected zone and as-furnished 
base metal, are determined by the prop- 
erty of the lowest value (Figs. 22 
23). In the 


heat-affected zone alone determines the 


and 


some tnstances narrow 


over-all properties. The use of tapered 
composite specimens can also be used to 
demonstrate that for initially crack-free 
v elds 
stress 


fissuring occurs in the region of 


Transversely loaded short-time tests 
tend to fail in either the plate or weld 
depending which is the weaker. In 
unusual where the fracture 
stress of the weld is low, the failure may 
first tend to start in the plate but final 
fracture will ultimately occur in the weld 
(Fig. 24) There is often little differ- 
ence between the weld and heat-affected 


instances 


zone properties 


Summary 
If, as now seems probable there is an 
equivalence between “weldability,”’ duc- 


tility 
its onentation, it 


composition, microstructure and 
Is necessary to also 
recognize that there is no area of agree- 
ment on what constitutes minimum 
acceptability on any one of those com- 
ponents in the weld or base metal. The 


“weldability” ideal can be defined as 
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Influence of test temperature and heat treatment 
upon yield and ultimate strengths of 0.81% Nb weld metal 


and welded-joint specimen in 0.88% Nb plate 
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CONSIDERATIONS AFFECTING FUTURE 
PRESSURE-VESSEL CODES 


Authors indicate tentative basic principles for revision of the 


ISWEC pressure-vessel codes lo a broader base to 


saul the wide variations in service and economic demands 


requirements lor pres 
with 


ABSTRACT. 
cure vessels are present! 

materials and 
to lint consider 
to principal stresses evaluated by 
imple formulas. Advancements in phys 
ios have extended present knowledge of the 
fundamental behavior of metals, and 
metallurgical progress has provided new 


extremel chuctile walety 
luctore 


ation 


ind materials 


many with physieal properties enhanced 
by ehenuete heat treatment, or cold 
sork with eoneurrent reduced duetility 


The horizons of both analytieal and ¢ xper 


mental stress analysis have been vaastl) 
extended new improved inaper 
thon techniques and « quipment are ay ul 


Since World War Il 
«| demands of the process 


pressure ves 


power, and 


other industries have rapidly increased in 
number, size and complexit In many 
cases this requires more precise design 
md fabrication, with attendant justifies 


and improved 
balanced 
sure ves 
erm 


tion of lower safety factors 
economics, This trend toward 
or adequately proportioned pre 
ia further accentuated by 

cal materials whore increased cost 
justifies the higher working 
tresses as Obtained from improved design, 
inapection It 


new 
greath 
objective ol 


fabrication, materials 


is the aim of this paper to indicate tenta 
tive basic principles for revision of the 
ASMI pressure vessel codes to a broader 


base to suit the wide variations in service 


econom demands 


|. Introduction 
In a discussion of pressure-vessel codes 
we must start with a recognition of the 
purpose of a coc Our explanation 
for the existence of such a document is 
that it permite 
compete with each other and still pro 
tect the publie by defining a minimum 
standard of safety This faet 


recognized by the ASME: when it pub 


various fabricators to 


Wiis 


lished its first issue of the code some 
forty years ago In 1934 the joint 
! J. Murphy is Manager, Mechanical Section 
evelopment Divieson; C. R. Soderberg, Jr., 
Assistant Manager, Design bong ering Depart 
ent; and D. B. Rossheim is Chief Mechanical 
ngineer f the M. W. Kelloge Ce New York 
Paper presented at the ASME Metala Engineer 
ing division Conference held in « junetion witl 
AWS National Spring Meeting, Ma 


1, 1046, Buffalo, N.Y 


‘of the tremendous strides miu 
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introduced a lowe 


API-ASME Code 
safety factor for more stringent design 
and fabrication requirements which wa 
the ASMI in the 


forties and required a general redraft of 


earl 


accepted by 


the rules. This revision continued the 


implified principal stress basis but ex 
tended the rules by increasing the de 
tail design requirements. This con 


stituted an acceptance ola design coue 
as contrasted to an inspection code of 
maximum simplicity tailored to the 
needs of the shop inspector 
1956 seems an 


this 


The year ippropriate 


time to reassess 


le im new 


material and in evaluating 


thei 
vances have been recognized 
Piping 


properties 
Some of these ad 
nthe ASA 
Here the 


expansion 


limitations 
Code for Pressure 


allowable stress range for 
effects has been extended for better de 
sign details. This re 
because the fabrication industry 


nized that it could reduce overall costs 


inion Wis race 


recog- 


by increasing the engineering costs 

The needs of the process and powe1 
industry have multiplied as is shown by 
the fact that 


now a reality 


supercritical boilers are 


These 


toward 


inere ised needs 


are foreing designer maximum 
use of present materials as well as con 


templation of wider horizons with new 


materials All materials can be eco 
nomically used if it is recognized that 
lower factors of safety are possible when 
the ‘weak links” of catch-all ifety 
factors in the present designs are elim 
inated Actually we believe that far 
safer vessels are possible if balanced re 


fabri 
rather 


quirements for material design 


eation, and inspection are used 
than the present reliance on catch-all 

factors of ignorance For severe sery 
we or complicated vessels this balance 
approaches an optimum use of mate 
rials; for simple vessels, more generous 
use of materials outweighs the engineer 


ing costs of precise design 


Pre 


Murphy, et al 


| ‘ ssel Code 


to eX 


The objec tive of this paper | 
umnine the factors involved and to for 


mulate a philosophy which ean be used 


is a basis for a next major change in the 


pressure-vessel codes, 

ll. Discussion of Code Require- 

ments and Possible Modifications 
Phe ASME 


sel Code has admirably served 


Joiler and Pressure Ves 
the in 
terests of the public, as well as those ot 


industry and enforcement agencies, in 


providing uniformly acceptable ind 


safe pressure vessels for average service 
fabricated from ductile 
We appear to be on the threshold 


of a new era brought about by new mate 


vhen carbon 


steel 


rials of high strength, improved cor 
rosion resistance, and, unfortunate! 
lesser ductility Changing labor-mate 
rial cost ratios; imereased availabilit 
and lower costs of nondestructive ¢ 


understand 
on the part 


and increased 


and willingnes 


; 
ing, ability, 
of designers of vessels for critical set 
ice, require and permit more compre 
hensive, flexible, 
Proportioned design, wnproved mate 


and balanced rules 


rials, proper fabrication, and 


inspection requirements will achieve 


sulet 


maximum effectiveness at a 


over-all cost, without lowering 
standards 

In Section ILL of this paper the result 
of the PVRC programs relative to pres 
and 


sure-vessel materials 


other investigation 


reviewed with particular emphasis on 


the influence of ductility and high viele 


to ultimate stress ratio on the relative 


fatigue perlormance of 


pressure 
materials in the low-evele range 
The objectives of this section are 


to point out the inadequacies of tl 


present code as to the requirements | 
a proportioned design to balance 
terials, fabrication, and  inspectior 


2, to indicate the refinements requires 


for pressure 
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exothermic reactions, electrical power 
sources, or nuclear fission may similarly 
raise metal temperatures. Proper de- 
eign assumptions and protective de- 
vices or details need attention because, 
at present each design organization is 


guided by its individual views. For 
lined vessels 
with failure of the 


the short-time properties of the 


example, some internally 
are designed #o that 
lining 
shell are sufficient to prevent immediate 
failure. However, this i# not a general 
practice 

designs 


The present approach for 


having the possibility of an internal 


explosion is similarly aried, Some 
applications are designed for the full ex- 
corresponding to 


plosion pressure 


stoichiometric mixture; in others, the 
explosion pressure is checked by limiting 
primary stresses induced by the ex 
plosion to the yield strength; and in 
some imstances there is no recognition 
whatsoever of such a hazard 

It is essential in the initial stage of 
reorientation of the code to incorporate 
mandatory requirements as to service 
It is suggested that vessels be divided 
into at least the three general classifica- 
tions shown as Classes (, G, and N, in 
Table 3. Class C would be suitable for 
the most critical services, and thus 
would require the highest quality and 
most searching examination and evalua- 
tion of material design, fabrication, 
and inspection Vessel Claas G would 
apply to average service, with present 


membrane stress level subject to certain 


lumitations on rature, eve le 
tents, and the like 


corimenstrate 


while recognizing 
reduced requirements 
for design, materials, and 
Veese! Clase N 
parttively 


Inspection 
would apply to com- 
small vessels in relatively 
nonhazardowus aervice ith the design 
membrane stress established sufficiently 
low to justify use of simple design checks 
and minimum quality controls for fabri 


Vessel Class N 
must be definitely restricted to ductile 


eation and inspection 


carbon steel, in which the stored energy 
is limited by size and pressure for com- 
pressible gases, or which is essentially 


noneyelte, nonshock, and is not subject 
to rapid temperature changes, and the 
like 

experience has indicated that Class 
(; vessels of ductile materials can be 
used with reasonable safety for all serv- 
ices, except those involving more than 
a nominal number of cycles, or extremes 
of temperature and/or pressure, and 
whose contents are lethal or otherwise 
hazardous. A size limitation has been 
considered but is difficult to establish in 
view of the many large-size low-pres- 


sure vessels which have been con- 
structed to this vessel class over the 
past 15 years A more logical restric- 
tion would be in terms of stored energy, 
similar to the isolation requirements of 


explosives, with a suggested limit of 


5S4-s 


or inservice 


strength by 


Murph y, etal 


Table 1—Caiculated Fatigue Performance for Various Materials with Different 
Design Bases (N Calculated from Equations (2) and (3)) 
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MATERIAL 
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3 3 3 
70,000 | 362,000] 101,000 
70,000 | 70,000 
63,000 18, 100 
3.94 3.19 
12,400 12,400 
2 
720 ,000 206,000 
1.5 if 1.5 
4,050,000 | 1,160,000 
| 3 
24,400 | 11,600 
3 3 
93,800 44,400 


25, 000,000) ft-lb vessels are 
ductility to 


for severely air-hardening ma 


not proposed for low 


restricted when 
to 
tility materials by requiring appreciable 


minimize plastic deformation during test 


terials, and would be 


made from medium due- 


excess thickness suggested —to 
For materials enhanced in 
thermal treatment, this 
vessel class would be permitted only for 
simple cylinders with centrally located 
and contoured end connections. Or, if 
the ends contain other openings, the 
head thickness must be doubled to pro- 
This Is 
construction 


vide integral reinforcement 


predicated on seamless 
If welded assemblies are to be recepted 
consideration must be given to the re- 
shaping necessary to remove distortion 
at longitudinal welds, to heat treatment 
after fabrication as contrasted with the 
use of heat-treated materials, to more 
extensive inspection, and to other de- 
tails 

Class C vessels would be essentially 
unlimited as to service, materials (ex- 
The single 
exception presently contemplated is with 
respect to ductility which, when medium 

9 to 15°%-—or low—0 to 8% would 
require added thickness of the order of 
5O and 100°) respectively 
plastic deformation 


cept quality), or contents 


to minimize 


All of the foregoing discussion per- 


tains to services at operating tem- 
peratures below the creep range, where 
performance depends on the fatigue and 
short-time 


material which can be tangibly related 


tensile properties of the 


| / ( "ole N 


Pre 


toa ‘safety factor.” Th 
tire temperature range of vesse 
G and N; for Class C 
is limited only by 


is covers the en 
| Classes 
temperature 
individual material 
and stability 


higher operating tempera 


suitability as to strengt! 
so that at 
tures a constant rate of deformation as 
a function of time, or creep 
The basis of the ASME Code for Un 
fired Pressure Vessels allowable stresses 
Appendix “P” to be the 
lower of the following for the indicated 


occu4©rs 


is stated in 


(a) 25°, of the ultimate 
tensile strength (UTS) h / 
of the vield strength (YS) for 0.20 
offset 
1% creep in 100,000 hr; and (d 
of the 
100,000 hr, 

It is contended that the 
criteria for creep rate and rupture life 


temperature 


‘ 
62 


(c) the stress corresponding to 
rupture in 


stress producing 


present 


are a minimum for lengthy safe opera 
tion, which code construction should 
provide. This view accepts 


and rupture life test data as of direct 


creep-rate 
quantitative significance, and empha 
sizes that the present values are proved 
by service, and any alteration upward 
would be speculative as to performance 
Opposed to this is the opinion that 
data 
qualitative and serve 


creep-rate and rupture-life test 
are essentially 
only to compere materials with ductile 
carbon steel as a service-proved base 
line. In support of this reasoning, at 
tention is invited to applications 
as oil-refinery still tubes, of which many 


such 


installations have been designed to 
1% creep in 10,000 hr, and 


given satisfactory service over periods 


vet have 
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of 10 or 20 vr. The validity of rupture 


life predictions as extrapolated from 


Table 2—Cyclic Pressure Effects on Vessels with Flat Heads—Test Results vs. 
Cycles Estimated by Calculation (See Fig 3) 
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wtual test Fatigue-test invest temperature deri An meresase in tructu tre is the long 
gation has been essentin limited te thie mer and | t reduction in tu t t tre in «a vertical 
eonstant temperature An exception ts the tter | wet ienst ‘ lores Another 
the work of Coffin Also, the influence ‘ esent code thie ‘ thr ‘ in a flat 

th luration of ele tot tructure t ned beorb heal unde ‘ e loading The 


tive primary 
periods ‘ ectatior ove moproved let lirect tre secondary 


The foregoing amy ipports the 1 free mf k Initiation tre | ‘ ine The longi 


understanding of the high-tempe ture ‘ing ! encountered ! ise pre ive ishell at ite unter 


if connie it Hat ine econdary 
epresented | present code construc ( ‘ fied ‘ ‘ ecluce rapidly 


lion 


hy 


ndependent 


r in also serve to guide the limited ‘ ( t econds tress of the de t | thus capable 
and relative exp ive ipporting ex evaluated on the me pproach t " j y I ete ture They 
mental nve tigation Necessal lor tre nye | ‘ ‘ tive ‘ iit onding the 


reasonably sound conclusior For the ind tor (ola ‘ ii types of load interdependent, and 
present, two aiternate pl of ng ind both 4 seconda t trav eleve the loads 
} yl temperature esse] desigt © port ittendant tre ‘ ontroled entia the ment ASM Code 


considers 


DecEMBE! 585-s 


individually 
tinguishable 
= 
the complexity of the entire structure IV of t pape It reasoned 1 Sere 
nd +i nendence of the over t} essment of the tors involves 
1 the nterdependence ‘ tre ‘ ‘ n local tre CS 
etressed area and the remainder of the proceed t wh more definite mal 
‘ lence that eryvice crach ire more ti tre if ine 
whicl length less 
prevalent high-temperature erviet tioned, particu tion of Loin & 
(‘vel temperature and/or mechani doubt oncerning the present 
net 
tion h progress in ‘ it irom mei re ‘ ‘ i ‘ 
critical reasoning and realignment of N vessels o1 pressure These stress be caused by two B, 
fundament kre viedge employing the ere ( t externn lorees OF 
special fact found | experimenta ‘ fy ding is at ng The ire caused 


only prunary direct and 


bending 
suited only tor 


noneveliec) servi 


stresses, and hence is 
This approach is continued by the de 


substantially 


‘tructive type of code proof tests For 
other types of proof teats, a part which 
previously has been cold worked by a 
twice the 


preliminary application of 


design pressure is only required to be 
wn 


Thus 
ielding is obtained 


ielding in the formal test 
no check of mitial 
by test Srittle coatings and de- 
tests do not satisfactorily 
of high stress but 


free of 


struction 
indicate local arene 
react 


rather more nearly to average 


tresses strain- 
Kage 
stressed 


The requirement for 


measurements in most highly 


zones, in the alternate tests 
which may be used 
with the general code approach. The 
destruction test often has shown the 
result that 


high stress undergo only limited strain 


surprising local areas of 
and can develop the full static-pressure 


rating of the basic structure, allowing 
the failure to occur elsewhere 

There is no distinction between ex 
ternal force and strain loading, and only 
the flange rules recognize a difference 
between bending and direct stress, in 
asmuch as they permit the hub bending 
stress to exceed the code allowable by 


nwo. Actually, this inherently 
nizes a further increase of 50°; 


recog 
result 
ing from the longitudinal pressure stres 

“0 lemds to a 
stress intensification factor of 2. Local 
altered by slight 
yielding to a stronger contour, or the 


which is not included, and 
ized stresses may be 
moment effects may be redistributed 
However, the strain range which such a 


fiber 


cycles of load may undergo little change 


vessel undergoes on repetitive 
and this is the significant aspect insofar 
as fatigue is concerned, The expansion 
and flexibility rules of the ASA Code 
for Pressure Piping have led the way 
in connecting fatigue life with a design 
“allowable stress range ind these 
provisions can conveniently be used as 
a limit for shell-bending stresses at 
nozzles, skirts, and lugs, as well as eveln 
stresses and inter 


thermal gradient 


section effects There is no attempt 
to regulate the stress-raising potential 
of abrupt contour changes or attach 
details Fillet and 


welds are widely used in nozzle rein 


ment blind-root 


forcement, and sharp or lightly radiused 
corners and abrupt changes in section 
nre 

The effeets of structural loadings, in 
cluding wind and earthquake, are left 
to the individual designer, with many 
varying approaches as to the total 
allowable stress 

The 


evolved from expenence with extremely 


present code approach has 


ductile materials which, by incorpora 
tion of ample safety factors, permits a 
design by the caleulation of principal 


stresses to simple formulas and vet 


seers Out of place 


achieves virtually 100%, safety To 
permit lower nominal safety factors and 
the use of less ductile or otherwise sensi- 
tive materials, and to afford « practical 
basis for the design of special complex 


details, or demanding services (in par 


| 


ticular of a cyclic nature), and at the 


same time retain or improve, if pos- 
sible, the code safety record, it is nec- 
essary that the code design approach 
be broadened to include direct recog 
with logically re- 
their individual and 
The PVRC and re- 


lated investigations have now reached 


nition of all stresses 
lated criteria for 
combined limits 


a stage at which general guidance can 
be obtained to establish this complete 
design, including the effects of fatigue 
When translated 

quirements for these vessel classes, the 
predictable 


into consistent re- 


more performance which 


results for all vessels should reduce the 
hazard of controllable failure to a mini- 
mum 

The inherent stress factors listed in 
Table 3 are intended to 


reasonable expectation of the influence 


indicate it 


of flaws remaining in the base materia! 
and welds and of the maximum stress 
When 
material or design of lesser quality is 
used, the 


amination of welds or emph wie on an 


level including localized effects 


complete ex 


advantage of 


other fabrication or inspection step at 


additional cost is limited, and is simila 
to strengthening the stronger members 
of a mechanism containing a weak link 
Therefore, the inherent local stress 
factor is a starting point in logically re 
lating the requirements necessary for 

specific class or quality of vessel. The 
factor 


nominal safety minimum UTS 
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onsiderable 


perience | the more practica ind predominant it aren nve anit that the llowable mem 
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the MAXIMUM local stress vould not ex the | Po technique s peste hn Sect 

‘ 
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+ pected to disclose onl pro 

| 
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| a 
tu | poferential stresses | 
‘ ue tre the wall thick 


effects, omewhat higher 
lumit can be justified hecause of the 
lumited width of the stres 
the establishment of a favorable residual 


should 


although a 
ed zone and 


stress system of opposite sign 
local yielding occur 

\ safety factor of 3 on the UT- 
represents a considerable potential ul- 
costly 
with 


vance in the economic use of 


moterials; and, more unportant 
the design and quality controls specified 
it provides better quality construction 
for critical services at what would seem 


Thus 


the extra cost of 


to be a nominal increase in cost 
with a Clase ¢ 
butt-welded connections and additional 


vessel 


quality control would in large part he 
offset by approximately 25% reduction 
in weight and related savings in ma 
With a 


would be a similar 


terial and fabrication vessel 
of Class G there 
economic gain with a LOOU, joint factor 
Also it recognized that full 
radiographic 
sizes weld quality for this vessel class 
For Class N vessels, further design ease 
smaller 


would be 


examination overempha- 


ments would be justified; e.g 
head-knuckle limits for 
unreinforced like. 
In addition, the jot efficiencies would 
be adjusted to reflect only 


radu, greater 


openings, and the 


strength, with attendant improved 
economics in proportion to the higher 
values agreed upon for the joint factors 

The objective of the code must be to 
provide the maximum salety which can 
costs 


be obtained at nonprohibitive 


One-hundred per cent salety is a de- 
sirable goal, but can never be completely 
attained because of the considerable ex 
raising the 
safety hundredths 
of 1% if such perfection can ever he 


On the other hand, a very 


penditures involved in 


record the last few 


iM hieved 
few failures can equal the total cost of 
many pressure vessels, A good example 
of an economic and sensible safety re- 
quirement is afforded by random radio- 
Its use 

effect be 
boilermaker, 


graphic examination exerts 


tremendous psychological 
enuse the manufacturer 
welder, and Inspector realize their work 
and much more 
whieved than with 
With proper 


examination as 
tatisticn! quality 


is under serutimy 
form weld quality is 
visual examination alone 
trent 
utilizing 


rules to such 
“sampling, 
control without unfair demands for con 
ditioning of welds, and with realistically 
interpreted standards which accept oc 
casional unfusion and lack of penetra 
tion, the extra fabrication and inspee- 
tion costa should be merely a few pet 


cent, a small price for the improved 


safety achieved lable 3 also indicates 
a requirement for examination of critical 
weld wtersections, 


locations, such as 


which would likewise bn desirable and 
should not be too costly when adopted 
as a standard approach 

One aspect of the proposed code re 


orientation which deserves exceptional 


SSS s 


emphasis is the goal of pro- 
Present 
the existence ol 
local 
nozzles changes in shape 
and other discontinuities, with the re- 
sult that the material in the shell proper 
is not utilized to its fullest advantage 
Although this is generally appreciated 
progress in the art of welding and tee h- 


portioned vessels.” code re- 


quirements accept 
higher and not-« losely-controlled 


stresses uf 


niques for nondestructive examination 


of main-seam welds has led to relatively 
high code radiographic standards and a 
toward higher 


trend expecting even 


quality by rigid interpretation during 
the quality 
whether 
fully or random examined, far exceeds 
that attained by the materials 


inspection. As a result 


of vessel main-seam welds 


fabrica- 


design details as a whole 


the nozzle design details 


tion, and 
For example 
permitted, together with the absence ol 
examination of nozzle welds, other than 
niakes 
vessel construction vastly inferior to the 
main seams. The PVRC is well aware 
of this situation and much of the effort 
of its divisions is aimed at extending 


visual, them a focal point ot 


knowledge pertaining to the evaluation 


and significance of localized or secondary 


stresses, as well as the effect of fabrica- 


tion operations, notches, and specifiea- 


tion material quality. 


D. Materials and Metallurgy 
The ASME. Code for Pres- 


sure Vessels has achieved an outstand- 


Unfired 


ing accomplishment in providing 4 con- 
sistent and logical tabulation of basi 
This provides a 


allowable stresses 


ready vehicle around which complete 
stress criteria can be established, with 
factors for individual or combined types 


The significance and effect 


of stresses 
of ductility on general safety is still 
lacking. In comparing materials of dif 
ferent ductility 
have an influence on fatigue perform- 
It is equally important that the 


character appears to 


anee 


useful ductility which prevails in the 
fabricated 


binations of 


vessel under nveruge 


stress allow plastic de- 


formation in distorted or imaccuratel 
shaped areas to occur without failure 
The duetility should 
duction of local stress at flaws or at 
changes in contour by plastic deforma- 


Proper requirements for mat rials 


also permit re- 


tion 
of zero or low ductility are lacking 
The effect of time 


phenomena — particularly 


aging) and similar 
metallurgical 
on copper and aluminum alloy should 
be more adequately covered 
Impact and fatigue tests could well be 
justified for vessels where the full po- 
tential of the materials 
Also effort 


rected at improving the transition tem 
ferriti 


I to be “up 


proached should ln 


perature of materials for as 
erage service 
and al- 


The cleanliness, uniformity 


sence of flaws should be related to the 


Pre SsSure 
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degree of severity to which the material 


will be subjected For the highest 
vessel] class and attendant stress level 
the material should be of firebox quality 
with flange and structural quality per- 
mitted for average and nonhazardous 
services. In addition, the 
quality material should be examined for 


highest 


injurious internal and external defects 
by an acceptable means related to the 
thickness. In particular, the standard 
for acceptability of minor laminations or 
small string-like inclusions needs further 
study to Material 


ations should he improved bv es- 


avoid controversy 


tablishing the relative quality of firebox, 
flange, and structural grades; and, most 
formulating a usable 
It should 
physical 


particularly, by 
definition of injurious defects 

whether the 
properties and chemical analysis spect 
fied will be achieved only in the selected 
test locations, or whether these proper- 
ties are to be considered as representa 
location 


be made clear 


tive of the material at any 
and. if not, tolerances should be es- 
tablished below which the 
would be considered substandard 

deterioration, and im- 


material 


Corrosion, 
welds can 
safety of 

al 


pairment of materials and 
have serious effeets on the 
pressure vessels. It appears 
to emphasize the initial integrity of a 
vessel and leave inspection in service and 
proper appreciation of safety im opera 
tion entirely up to the user without all 


The ASME Boiler 


constitutes an ex 


possible guidance. 
Code 
cellent 
dissemination of 
subject and should prov ide this informa 
uu code appendix im a recog 


\Ianda 


tory requirements as to Inspection if 


Committee 
forum for the collection and 


information on this 


tion as 
nized good practice” eategory 
service and for precautions or prohibi 
tions as to the use of certain material 
fabrication procedures, and the like, are 
well justified. 


E. Fabrication and Inspection 


For maximum utilization of materia: 
with refined design, it becomes essential 
to control and assess fabrication opera 
tions and to incorporate tests and in 
spection requirements which assure 
that the desired mechanical properties 
and soundness are met in the fabricated 
vessel For basic allowable stresses of 
' UTS, the material must be thoroughly 
checked for soundness, such as by descal 
ing and examining by the magnet 
particle method, radiographing, or ultra 


When physical proper 


ties are dependent upon heat treatment 


sonic testing 
or cold work, they must be checked on 
the finished thorough hard 
hess checks and by representatl te 


vessel by 


chanical tests on material simultane- 
treated All 
seams, including nozzle welds, should 
he of the double butt-welded type, or 


fully 


ously pressure-holding 


equivalent, and radiographed 


WeLpING RESEARCH SUPPLEMENT 


Welds major nonpre ine itta 

ments ding support should be 
of the same design and pection or the 
should i tl Kened 


particle method alter the PRE 


is not pract 
servative designed Abrupt changes 
in contour resulting trom up 
and the like, must be avoided 
whenever unequal thicknesses are in 
volved maximum slope of 
is recommended Undercutt ng 
problem which is essentially a oided b 
its flat prohibition milarty the 
srmoothnes ind contour of weld sur 
faces is not satisfactor established 


Possib] the use of an imert-gas tung 


sten-are cover pass ma produce at 
acceptable eontour thout grinding 


and which | ree of unde it 


deta i particu 
deserve eration i to thr 


stre raising potential Otherwise 


} 


proportioned tor the ‘ ‘ ln 
the closest tolerance for fit-up orn 
ing mid distortion appled to the 


refined ¢ ‘ bor yhest 


the weldability of the base material or 
weld rod for a specific vesse The pro 
cedure tests merely uidicate that a sat 

factor weld ha heen accomplished 
with the base material and rods which 
were selected because the uccessful 
tests may have been the best of several 
tests The operator test indicate onl 
the operator's capacity for dey ting 
sound welds and, in the opinion of the 


writers, is much inferior to radiogray 


DeceMBber 1956 


ef ect e the more effective 
int clet ind search 

ectyor 
his ection ¢ ‘ ‘ would bene 
e cletinite equirements as 
extent of inspection and 
tu honspection pro 
| ‘ tsalwhment of 
t weld mn in idged only he 
min the welding, 
{ t to measure weld 
ent atte thre t has been com 
gnetic-| ind ultrasonic 
‘ easing use to such 
tent that the ASME Boiler Code 
ttes = te wtive the 
irut il theu employ 
| whographi examination 
req cement have not 
been eve mii random examina 


because of the te lencey of demand 


t one pproaching that of 


radiographed ‘ truction wher 

‘ imiinat nis made only 

‘ to defeat the purpose ol the sam 

random examina 
ntended t el 
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Discussion of the PVRC and 
Related Investigations 
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e of the Welding tesearch 
It tie ie grouped 
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thie ‘ cdye pertaming to 
int nmi ellect of 1) sec 
i tre ‘ 4 
hat ‘ on the per 
estal el and new ma 
j ip] heation 
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tive technical 
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‘ woperative project 
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tresse to the de 
et ind fil veceptable under 
nt rule reauzation that 
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the PVR¢ et out to explore the 
esietance irrent and pro 
i ferrous materia with emphasis 


‘ tior ect a 
‘ } } ‘ fe i 
edge of the irface conditior 
‘ 
| 4 ‘ | rention te 
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For Class G vessels which are to be . re 
used under tatiyzue condition ome ¢ 
ot he removed the | | tat thot = 
test without ‘ the entire esse] 
A sp tusk group of the ASMI : 
thre ren rit therny | tre 
the most part, present i tion 
nd the pu ty of mandatory 
and inspection is entire wlequate fot 
iggested requirement for preheat 
\ Phe nal eve il stre vil 
serving consideration For Cla ; 
\ ef eheat, and theat requirement 
apprecial educed 
erstanding of the fundamental bene I 2 
Pal tion requirement hould be ti 
\ 
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tion of ewpoint Hamme 
testing m nitiate cracks at local 
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surface requirements maintained tor the e reasoned that the hydrostat test = 
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surface requirements made more gen tieula ol non-stre relieved vessel in rs 
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| antire n guided f | tutic teat the tentative 
piace encire eli eon guided ( ‘ i il 
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on eyelic strains extending into the plas that the notches did not reach their full 15% still available in the least ductile 
tic range. Test data have been ob strese-raiser potential specimen It is presumed that this 
tained on both laboratory test speci 3. The relative fatigue performance prestrain was obtained uniformly along 
mens and small pressure vessels, The of the high-tensile steels as compared the specimen, so that it is not to be 
results of laboratory specimens tested to conventional, more ductile, carbon compared to localized yielding, which 
it the University of Dlinois and Lehig! steels i# shown by the reference papers would tend to lower the additional 
University have been reported in se to be more nearly in proportion to thet available deformation without insta- 

eral papers.‘ * The authors will tensile strengths rather than thew bility at that location 
briefly present significant observations yield strengths. However, the ratio of The result of the tests of small ves 
which have a bearing on pressure-vessel the tensile strengths is not an accurate sels made at Ecole Polytechnique have 
construction, a8 follows index to relative cyclic life, particularly not been published up to the present 
1. The strain range per cycle is the when tested in the notched condition and are given only in progress reports 
essential index of performance in the and would overrate the high-strength to the PVRC Fabrication Division 
plastic-elustic range such as may be materials as can be seen from Figs. 15 These 12-in.-ID by 4/q-in.-thick vessels 
encountered at peak stress location-« and 16 and Table 3 of Bowman and of A 201 and A 302 materials were sub 
on present code pressure vessels. With Dolan Klongation seems to have jected to periods of cycling with the in- 
a fatigue life (failure) up to about LOO some influence and the authors find that ternal pressure slightly below, slightly 
(0) cycles, which covers the great ma the following comparative index comes above, and considerably above the pres- 
jority of applications, it is not ner much closer to correlating with the sure producing general yielding of the 
essary to consider the imitial state of notched data, as it is reasonably close shell. Some vessels had 1'/,-in.-ID 
for 25 and T;, but low for A 302 welded nozzle connections, and ma- 


stress or the mean stress, as would te 22 
chined notches similar to those of the 


the case with a larger number of cycles 
Relative fatigue-life index 

TS + YS 2 elongation 
(of material being compared 
strains are well within the elastic range (TS + YS)/(2)| (elongation 


approaching the endurance limit for specimens of the other laboratories 
A comparison of the results to date on 
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ably well. The slope also agrees reason- 
ably well with teste on structural steel 
Harrix Nordimark and 
Markl’s data 
vised rules of the ASA 


Code for Pressure Piping for the design 


reported by 
Newmark.” 
utilized for the re 


have been 


of piping subjected to cycle thermal 


expansion strains. At present, these are 
the only rules in a standard pressure 


equipment code which recognize the 


fatigue aspect for design 
The ecyelic test 
Coffin’ " are of comparative interest, for 


data reported by 
these tests involve cyclic strains resulting 
from restrained thermal expansion when 
subject to temperature cycling Al- 
though applicable to a different ma- 
terial (Type 347 stainless steel) and thin 
data for 


specimens 


polished tubular 


specunens with and without stress 
raisers are included in Fig. 2. The 
trend is similar, although the strain 


range for a given N value is greater 
that evelic 
whether produced by thermal or me- 
have similar effects 


Coffin’s testa shew strains, 
chanical loading 
and can be treated in a common design 
aApprom h 


As a random check of the proposed 
correlation the authors have compared 
the results of fatigue tests on small 
vessels with flat head Ls 


with the number 


reported by 
several investigators 
of cycles predicted by entering the cal- 
culated maximum local stress in em- 


pirical eq (2) or (3) A 
son of the reported test values for fa- 


tigue failure with the calculated results 


is tabulated in Table 2. It can be seen 
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investigations 
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formance than predicted can be attrib- 


calculated 


cycles to tatlure 


trend of the experimental 
remarkably wel! The 
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uted to the generous corner fillet radius 


which was ignored in the stress evalua- 
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weld details ia unpredictable, and car 


The stress-raising potential of the 


very well both influence some reduction 
in the minimum number of cycles and 
aleo add to the scatter of the test results 


Apparently 


the weld quality, propor- 


tions, and locations are such that, for the 


majority 
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less critical as stress raisers than the de 
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thors 


demonstrates 
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Comparison 
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comparative evaluation of different de 


signs and relative performance of dif 
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materials, 
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numerical value 


Undoubtedly a8 
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atmosphere 
it ol 


amour 


accurate 
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majority of reported 
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change, 
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take « 
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at high temperature as at low 
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such strain 
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ture range 
Fatigue under combined cyclic strain 
complex 


tempera- 


where creep is a factor 


and creep can be extremely 
when the influence of time, creep prop- 
erties, and strain concentrations are con- 
sidered in the manner discussed in 
Demoney and Lazan'* and Robinson 
The design practice inherent in the ASA 
Code for Piping to 
flexibility for 
pansion in high-temperature 
has been established by more than 20 
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rules provide an allowable stress range 


Pressure assure 


adequate thermal ex- 


service 
years of widespread application 
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stress system which predominates in 
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the cold or offstream condition, and is 
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accomplished in a practical manner by 


short- and long-time ca 


applications involved. 


connecting the allowable stress range 
with the basic allowable stresses for the 
material at atmospheric and operating 
temperatures. 
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balanced requirements to achieve maxi- 
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thi train range most convenmenth 


obtamed from elasti tress analysis 


2 Stresa Criteria The proposed 
allowable stresses and allowable stress 
ranges for long- and short-time loading 
are given in the third section of Table 
$5, and must be as with the 
safety factor aseimned to each 


clase In yeneral related to 


these are 
the following basic principles 

a) Prunary stresses resulting from 
pressure and sustamed external load 
within the basie long- or 
The direct 


caused by in” 


ings “are kept 
short-time allowable stress 
and bending stresse 


casional loadings, such as wind and 
earthquake, when combined with these 
prunary stresses, are allowed to exceed! 


the basi 


degree in recognition of their occasional! 


allowable “tress in nominal 


eccurrence 
divided 


localized 


(b) Laoenlized stresses are 


into two. categories The 
direct stresses plus the primary stresses 
are kept within the long- or short-time 
vield strength Localized bending 
stresses plus the primar tresses are 
limited by the fatigue life of the material 
for the particular service 

(¢) Thermal strain loadings, in com 
bination with external loadings, are con 
trolled for long- and short-time con 
ditions to a strain range well within the 
sum of the cold and hot YS for service 
within the 
sum of the cold YS and the basie hot 
allowable stress for service in the creep 
ASA Code for Pre 
This is 


that yielding or creep relieves the initial 


below the creep range and 


range, sumilar to the 
sure Piping rules on the basis 
stress in the hot condition and estab 
lishes a residual stress system of oppo 
This 
principle can be applied more broadly 
to other 
secondary stresses whenever the result 


site sign in the eold condition 


types of strain loadings ot 
of any hot plastic flow is to establish a 
cold stress of opposite sign; it is merely 
an application of the strain-range fa 
tigue criterion with consideration of hot 
and cold material properties 

3%. Cyelie Loadings. Yor each class 
of construction a working fatigue life is 
with the 


materials quality and extent of 


associated specified design 
basis 
Inspection 

It is not intended that Class N be 
used for recognized cyclic service 
(‘lasses Gi and © are shown as limited 
to 


respectively, unless the working stress 


eveles and eveles 


range at the maximum stressed areas is 
ASA Code 


rules for piping 


reduced similar to the new 
for Pressure Piping 
flexibility (see Table 4 

The basie number of cvcles associated 
with each vessel class in Table 3 have 
been arrived at by utilizing eq 2 or 
% of Section IIL for likely 
to be used in each vessel class, and by 
factor of 10 to the 

Inasmuch as the 


materials 


applying a safety 
number of eycles 
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try 
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indications in Seetion TIL are that, for 
this 
table will not be a constant for ma 


the same nominal design 


terials of different properties, the values 
used tend to reflect the lowest ¢ x per ted 
performance A more precise appro h 
would entail working direct! for each 
some such eriterion 


material) with 


eq 2 or 4 
Safety Factors 
as related to the 


strength, is the same as 


The safety factor 
ultimate tensile 
used for man 
years for construction 
vessel Classes G and N Vessel Class 
el than 


equivalent to 


C represents a higher quality | 
heretofore defined in the Code, the de 
tails of 
justify a safety factor of 3 

Local Stress Factors The 
selected and given in Table 3 are justi 


whi h h ive heen 


values 
fied by the service experience with 
present sumilar construction for vessel 
Classes Gand N. For vessel Class ¢ 
the value selected appears practical and 
consistent with the details specified, 

6. UTS va. YS 
tion and 


Pending the evolu 
agreement on parameter 
which can be demonstrated is repre 


PVRC and other 


fatigue-test data when various types of 


sentative of the 


materials are compared under elasty 
and plastic strain ranges, it is con 
UTS 


property on 


sidered advisable to retain the 
as the basic short-time 
which allowable stresses are based for 
service temperatures below the creep 
range with the additional limitation on 
YS of the present code. It is antici 
pated that an added 
fatigue resistance can be 


parameter for 
worked out 
which may bear an approximate rela 
tion to the total energy of deformation 
and which will involve the UTS, YS, and 


elongation. 


E. Materials and Metallurgy 


For more economic use of materials 
the quality requires definition and as 
sured maintenance by specification pro 
defects and 


Visions as to imjurious 


mandatory examination The  con- 
sequence of even very occasional fail- 
ures resulting from unsatisfactory tran- 
sition temperature would more than 
justify any economic means which can 
assure their avoidance. 

Fatigue is an important and revealing 


property of materials, and research on 


Pre | exsel Codes 


specimens of sufficient size could con- 
tribute 
most desirable metallurgical condition 
defects Its 


as a means of quality con- 


valuable guidance as to the 


and the significance of 
further use 
trol deserves consideration. 

Corrosion, deterioration, and = im- 
pairment of materials and welds can 
have serious effects on the safety of 
Instead of limited 


treatment of inspection ind occasional 


pressure vessels 
warning flags as to special phenomena 
complete treatment of this subject seems 
essential for reasonable guidance of the 
user and enforcement agencies 
F. Fabrication 
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safety tactor of 3, 
careful 
with 
tortion resulting from welding. Tt 
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fabrication require 
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particularly respect to the dis 
class of construction has been lim ted to 
butt welding of attact! 
ments: also fatigue tests of wells are 


consideration {outine 


nozzles and 


proposed for 
tests of base materials and electrode 
would seem desirable because there 
no present quality control of these 
items to assure their continuous suita 


bility. 


G. Inspection 
The application of available monde 
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design aApprom h, and service nen 
ever less than complete examination can 
he justified, any 
should be 
critical areas 


cluded in Table 3 


partial examination 
tow ird the 
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Lquivalent number of « 


cles to failure 

Number ot eve le 

Internal pressure 

Pressure 

Pounds per square ine h 

Shell radius 

Nominal 
stress 

Safety factor 

Thickness 


Te naile stre 


The 


design 


Ultimate tensile 
Yield strength 
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DISCUSSION BY R. W. SCHNEIDE —_—. 

This paper i i tudred tt ) onsulta toy the t ‘ ‘ 
witl vrent deal of interest indoubt vith the ae to tnake certain tatement hot toned 

In view of the fact that the qua fied itt lea w 7, foal nterpretatior finns the primal hel 

inspector has been mentioned and you ‘ quired to clan the manutacturet 4 

shilities or activities questioned a few the listed referet nless. of courses » Cod 
object omments ma wi to tiv iin ni ther anppheation were 
clarification of this phase of the over-a ided ould evident example, the majyorit 
It is general known that t sho t t rel the Boiler Code Com { G {> tows 
in pector faced with mat nrobler tte ‘ by thy I's +} 
related to the design and construction ol ttee jualified ou and 6.0 tivel 

pressure vessels from those of extrem ect eans that | ondary stresses 8 

high pressures to those of atn ryhier In the d tof the paper cor ‘ ! tt t ( high ae d.o ha: 

pressure Under the present Code it lerable stre eon placed on the nd 6.0 ¢ t hell stre mf 
inconceivable that ve lual defined ‘qualihed ve juest te irises how 
stamped without the design being re lesign It issumed that tl actu Class G and N 
ewed in one way or a thi thy na lial wi e | ny ‘ | yet whe 

e there vould be no ertaint t it i itions ree iff tre inal 

the ‘ compled with the Code othe | nie hat th te iluate tl tre which 
yuirements The Code as it now stand ised’ to certil i ‘ It t thy must 
ove esse ip to a ma im allow qu hed t or that matter a le te sluate t lar treme 
ible working essure of 3000 p I} jualified weld Int tter cnse he bye f i ‘ ude of B : 
scope of the existing ted t of being } { ble second 
wher ompared vith that posed wie to re i repent 

present Coad ers a ll ire ble tot on tuthont ru an 
range a great pro ntinue restion Wd the qua ure es to the 
to arise in the industs These problen fied te ( ( the eriticn 
ire frequent inswered | t ASMI It recom tl that ‘ ivht out im the 
er ( de ttee ! i thie i k on a 
e the pestior | thy that there a t er oO ‘ { hieh the 
t ‘ tre ( lt When the 
R. W. Schneide 
| DeceMBEeR 1956 Vurphy, et al ire-V easel Code 
mit 


year Meeting of the American Petroleum 
Institute's Division of Refining, it was 
mentioned that the year 1955 seemed 
an appropriate time to reassess this in- 
dustry because of tremendous strides 
made in new-material properties and in 
evaluating their limitations 

There is one basic point which has al- 
ways been rather perplexing and ques- 
selection of a 
The design 


tionable, namely, the 
working or design stress 


stress for ferrous materiale at room tem- 


perature is usually taken as the ultimate 
strength of the material divided by some 
factor: this factor being designated as 
the safety factor. 
maximum principal stress the pressure 
at which the vessel will start to vield 


and the pressure commensurate with 


If a design is based on 


rupture bear little if any direct relation 
to the design stress whereas it appears 
that the yielding pressure, rupture pres- 
sure or any simple fraction of these 
pressures are more definitive of the true 


state or condition of the vesse! 

This point is mentioned realizing that 
this will probably be the foundation 
upon which future Codes are built 

It is encouraging to read this paper 
and realize the work behind it; it shows 
that the pressure vessel industry is dy- 
namic and willing to look over the ac- 
complishments of the past with a critical 
eye and prepare a more realistic design 
for the future commensurate with 
present day material and technology. 


AUTHORS’ REPLY 


With regard to Mr. Schneider's first 
comment on the added responsibility 
imposed on the inspector by a new code 
we heartily agree Because of this we 
have suggested an added individual who 
would assume part of this burden. A 
“qualitied vessel designer’ would be a 
professional man who has been licensed 
professional 


in a similar fashion to 


engineers.”’ The vessel designer would 
assume the burden of certifying that the 
vessel design is proper and in accordance 
with the code, and therefore free the 
Inspector for the specific task of check- 
ing and certifying all facets of the manu 
facture 

Mr. Schneider has also asked the 
question as to whom would the vessel 
designer be responsible Professional 
engineers are bound by a set of profes- 
sional ethics but licensed by each state 


We believe that the 
suitable for 


procedure 
would be governing the 
qualifications and responsibilities of the 
vessel designer with vessel drawings 
carrying the designers seal similar to 
present practice on structural drawings 

With regard to the complexities of the 


caleulations for evaluating secondary 


stress, we believe these exist now under 
the present Code rules. Unfortunately, 
presently permissible details such as 
nozzle reinforcements permit extremely 
high secondary stresses Our beliefs 
are that the Code could contain empiri- 
eal and simplified rules for limiting 
these stresses for certain commonly 
used details, but as in all cases of em- 
pirical rules, would fit only average 
cases and can err in either direction for 
special applications. It would, how- 
ever, be possible to make more precise 
calculations of the secondary stresses 
and in the case of Class C vessels, thes 
calculations would be mandatory when 
not suitably provided for by the rules 
For vessels in critical service, it seems 
only reasonable that a thorough investi- 
gation of stress concentration be made 
by competent engineers tesponsible 
manufacturers do this to a considerable 
degree even under the present Code 
rules recognizing that the rules do not 
adequately cover all aspects 

With regard to the selection of work- 
ing or design stresses, we have felt that 
safety factors as related to static load- 


ing should be based upon the bursting 


strength of a vessel Various rather 
thorough investigations have shown that 
the bursting pressure is very closely 
(though not exactly) dependent upon 
the ultimate tensile strength. This in- 
volves following the material through the 
elastic range and into the plastic zone 
Use of the maximum shear theory or 
some other yielding criterion such as 
that of Mises Hencky give different re- 
sults but never varving by more than 
15% 

All vessel services involve some repeti 
tions of loading; the degree varying con 
siderably with different 
Fatigue in its broadest sense to include 


applications 


failures under relatively few as well as a 
large number of evycles, therefore be- 
comes a consideration. Tensile strength 
has been well proved to yield bette 
correlation with fatigue performance 
than yield strength but it alone is not 
adequate; ductility enters in to some 
degree, parti ularly for structures where 


flow adjustments may 


The allowable stress must }« 


local plasti 
necessary 
selected to adequately assess all factors 
for a specific set of design rules, material 
inspection and service requirements 
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METAL FINISH SEAM WELDING 


Considerable similarity found between the schedules for mash seam 
welding and finish seam welding. It ts also 
demonstrated that, with proper conditions, a good finish surface 


can be consistently maintained on one side of sheets 


BY W. J. ALLEN AND M.L. BEGEMAN 


° Introduction t ont unit. Electrodes wer elect es were used, but edge marring 


rhe increased use of metal product 0) i diameter , in, thiek and ‘ inish side of the weld resulted 

viewed om de from RWMA Class IIL forged face width of the upper electrode 

side only. has stimulated interest in a pper oy Initially the full face reed in. prior to contouring 

variatior of the conventional mis yidths Of the ontoured and finish ther edge marnng was noted, 
operation Ihis i! 


ELECTRODES 


OVERLAPPING 
WELO NUGGETS 


eheet thickness 
schematically describes the varia 


tion Known a8 al LAP SEAM WELD 


w hy mash ¢ 


one side onl SLIGHTLY LAPPED 
From the figure it appears that mas! HEET 
i i SHEETS WIDE, FLAT 


/ ELECTRODES 


current pre speed andl 
erlap ean te hee gu prope ane 
and control lor example, the ‘ ; 
tolerance is quite critics! in mash seas WELO NUGGETS 
welding and, if not hel cee inlace 
defects w develop 
BEFORE WELDING AFTER WELDING 
he purpose ol t nvestigat 
vas to compare mash and finish seam MASH SEAM WELD 
elding t cdetern tri Jor 


maintained consistent 


tablish whether CHAMFERED 
irlace on one ide ol a weld ileal be 


Equipment and Materials I ‘S 


The test welds of this investigatior 


BROAD, FLAT 
ELECTRODE 


e produced on «4 VG ular 


yelder equipped vith in el 
W. J. Allen wluate > 
hip on iM.I Begeman hani 
Tex ply METAL FINISH SEAM WELD 


Fig. 1 Types of seam welds 


t, RWMA! BEFORE WELDING AFTER WELDING 


EWERER | cr qeman Scam elding 


5 

‘4 tion Wii Vili i eta 

seam welding, is illustrated in Fig. ! 

the other basi im £ 
processes. The lap and mash seat 
welds differ beeause of the amount « / \ » a 

forging action used or, as the name i | \ et 
mash down, The lap weld | \ 

practically no mash down a hown ' 

the top drawing, while the thickne ‘ | i 
the mash seam weld, by means of 1 j \ | 
rreased electrode lores ind reduced 

< sheet ove approache that of a 

single 
aket 

qT 

surface on both sides of the weld. This | , "el 
is t 

a 

FINISH 

SOE 
/ 

j 
/ N\A 

“FLASH 

L 


(©) Finitu 


(A) WELO 


Fig. 2. Terms used on metal finish seam 


welds 


The contours consisted of a 

blended into the desired angle chamfer 
The lower electrode, which was used as 
the finish wheel, was driven by a roller 
chain arrangement and the contoured 
Water 
fleverel « ooling was used on the surfaces of 
the weldments An 


mounted in the throat of the 


electrode operated as an idler 


uly istable 
bar wa 
welder to provide a means of accurately 
positioning the weldments under the 
eleetrodes and to guide the work through 
the machine A calibrated 


transformer-ammeter circuit measured 


current 


the welding current, and the eleetrode 
force was mensured with an electrode 
lorce gage 

The material used was O.OSL in 
thick pickled and oiled 
hot-rolled rimmed steel, commonly des 
ignated as 1010 An analysis of 
this steel showed it to contain O.O8°, 
0.008"; 
phosphorus and 0.0299) sulfur. It was 
the same thickness and analysis as pre 
viously used in an 


low irbon 


carbon, se, 


investigation. ol! 
mash seam welding 
Welding Variables 


Two of the 


ables associated with a resistance weld 


principal welding vari 


ing process are the current magnitude 
in the welding cireuit and the eleetroce 
force The heat generated by electrical 
current passing through «a constant 
resistance is proportional to the current 
magnitude squared, while a constant 
current passing through «a variable 
resistance will produce heat directly 
proportional to the magnitude of the 
resistance, In resistance welding, when 
working with relatively large currents, a 
change in current magnitude produ 
larger heat variations than can be ob 
tained with possible resistance changes 
in the joint 

In making a two- thickness resistances 
weld there are seven resistance in 
series, ‘Two are in the upper and lower 
electrode but have no influence in 
producing heat at the weld area Iwo 
others are between the upper and lower 
electrodes and the sheets they contact 
Heat generated here ts largely dissipated 
by the cooled electrode ind the flooding 
of the sheets The weldment materials 
provict two more resistance amd the 
contact resistance between the weld 


‘ments is the last and most important 


WELD SECTION 


CURRENT, AMPS. 


Fig. 3 Effect of current on microstructure of metal finish seam welds 
(Reduced by upon 


Electrode force 900 Ib, speed 140 ipm, contour 7 deg, overlap |, in x 20. 


reproduction.) 


one Resistances of a contact nature 
are subject to change by those factors 
which may alter the degree of contact 
For example, as the electrode force ts 
contact bs 


increased a more 


made This causes a decrease in the 
resistance and results in less heat being 
venerated 

Both mash and metal finish seams are 
which 
hot-lorming In both cases 
thickness and 


produced by welding processes 
involve 
the jomnt shape are 
changed considerably while the metal 
is in a plasti state The iriables in 
volved the 


electrode pressure and 


former operation are 
initial sheet 
overlap As the overlap increases, the 
volume of metal that must be redistrn 
buted increases, which i degree 

minimum electrode flores 
Phe electrode force, in turn, affeets both 
the joint thickness and the contact r 


sistance between the sheets. 


yoverns the 


Alle n, Be geman Seam Welding 


Whereas the initial sheet overlap of 
the mash SCOT Process determine s the 
amount of metal to be redistributed 
the position of the weldments under the 
electrodes determines this volume 
the finish seam process. The lower lett 
drawing of Fig. | shows that as 
lower sheet is removed from under 
flat portion of the contoured electrode 
there is less material to be mashed 
down, Also, the use of the contoured 
electrode has the effect of reducing the 
electrode pressure in the relieved ares 
and inereasing it in the contaet zone 
This, in turn, brings about changes u 
the heat zone due to variation in the 
contact resistance between the sheet 
Pherefore, 

j 


ingle of contour shall bn considered 


position of weldments 


variables peculiar only to the fints! 
process 

The time associated variables 
lated to both the mash and 
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PT welds ed, The heat effects 
Electrode force 900 it ited’ goo ind bad. and edge 
speed 140 ipm, contour fiy thy nash down at 
= 7 in 
deg and overlap eet eda +} finish 
tity | 4 presentative ot 
| 
WELOING CURRENT, AMPERES x 10° Effect of Welding Current 
| ine er ol micro 
elds which 
the rent i inied while 
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i Mash 
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2 Electrode force 90 olter ot } the lore 
2 Ib, speed 130 ipm 
ilso has a deh 
and initial overlap 
; 150% te heat the surface and there 
ac 70 
20 i ent reduced 
00 t present and 
WELDING CURRENT, AMPERES 10 wen 
t tor welding 
fo Lo nt to 
te nla i hown 
operation md Wile ia neta \\ ‘ \ 
1! tain enough heat to 
tions in the items mentioned above min it va ectro fores na 
penetrat Welds D and I 
The fact vyhich normal letermin thy 
that t} irrent 
the elding are the abalit te f ilu ‘ 
he Phese | 
ited to give 


ts { of the welds of 


Wok eurren pr wing 1) } ine or ore ed 
ire rye i function 


welds is recommended the 7- and 3-cke ontours and the cor + 
nt ned e 
Procedure of thi surface is indi 
style ree j ont rite 


Al] test mate! vas vire ted ! ortant information 
brushed washed vith olvent ind ! ind heat ridge 


inadedquats 


ohtiv oer rio to pot 
effort to attain a relative onstant cor \ vw expected, no 
eleetrods vere tuched using the atx 
tact re tances throughout ill test ent effect encountered 
ior mel ‘ } 
The test piece were then light pot nt ectration ij) 
myuel teal te mety j i 
tacked to maintain the desired overlap ‘ P fhe tent lye formed in 
welding speed of 140 ipm wa t i he tolerated in some 
selected for all test Ch was the Results itior but at 17,000 amp elec 
ipprox mate speed ed on pre ol 1} irve | strat | | t Kil ‘ j t} regu 
conducted mash seam weld tests follo ndiceate ranve of the t \ ey t rovraphas, the 
| nf large 


The 


contour chaml 


yonetration 


! tr trat I ! me general 


DeceMBI 


upper electrode wa irbitranihs et trom factor eam veld con it irrent to give 

0 to 10 deg. The values selected for n betw h and seal eld mplete ed down, The edge 
study were 4, 7 and 10 deg lac ted] so that the twe ln 

Using a 10-deg contour electrode eat ited 
a number of current and pressure con fetallurg tam af manh enas i" t od ld forging at the 
bination vere run at random to pi elds 18 primar hased on nugget trode 
} 
select the most itistactor rang penetrat t isl 
5. A detailed investigation t to the tl ft ont The that inf has 

next to determine thy ‘ ipl ‘ roet 

electrode e and cu nt magnitude tion 2 shows that tl 

that vould prod thy roost if ( t KT 1 ne Weew 

factory weld. based o1 lane { t thickne that 
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maximum value. This is due princi- down. Figure 7 is a plot of the pene of joint thickness, and the surface con- 
pally to the higher current densities re tration and surface conditions of these . dition reveals that the increase in 
quired in finish seam welding for a welds as a function of electrode force joint thickness corresponds with bad sur- 
given electrode force, The joint thick- Figure & ix a similar plot for mash seam face conditions. Both were due to heat 
ness curves for mash seam welds has a welds. The penetration curves show ridges on the joint surface. The 


slight concave shape over the current a distinct similarity and a comparison strength curve was included to show 
range tested and, at low currents, shows 
some similarity to the finish curve of 
Fig. 4. The metal finish seam process 
appears to be more affected by a current 
reduction than the mash seam process 
The joint thickness increcse at maxi 
mum penetration i due to surface heat 
ridges Increasing the heat beyond the 
point of maximum penetration results ip 
low quality surface conditions. An in 
vestigation of the strength of metal 
finish seam welds was not made for for 
mal presentation, but spot checks showed 
that the strength curve of Fig. 5 could 
be reproduced in the corresponding pene 
tration ranges of the metal finish process 


Comparison of Electrode 
Force Effects 


The micrographs of Fig. 6 show the 
results of electrode force variation with 
all other variables held constant 
\Iaximurm penetration is obtained at 
the low values of electrode force, and 
decreases as the electrode force rises 
Little or no penetration is apparent in 
Weld Ek, as the joint has been made by 
solid phase bonding. The temperature 
of the joint metal was above the trans 
formation line, but below the liquid 
line on the iron-phase diagram. Even 
though enough grain growth takes place 
im this temperature range to produce 
a welded joint, a columnar dendritic 
nugget structure will not be produced 
unless the joint metalis molten, Welds 
having consistent strength are obtained 
only when conditions are regulated to 
produce a weld nugget 

The relation of welding circuit resist 
ance and electrode force ts illustrated 
by the micrographs of Fig. 6. In each 
euse, the electrode foree was great 
enough to provide good electrode con- 
tact This is shown by the lack of WELD SECTION FORCE, LBS. 
serious heat zones at the surfaces of the 
specimens. The electrode foree varia Fig. 6 Micrographs showing results of electrode force variation on metal finish 
tion shows up most in the heat gener seam welds 
ated at the interface of the weldments Welding current 15,000 amp, speed | 40 ipm, contour 7 deg, overlap . &20. (Reduced by 
Welds A and B indicate that the inter '/) upon reproduction.) 
face resistances were high and 
mum amount of heat was generated by 
the welding current. The increases 
of electrode force in Welds C and D jovarace 
had foreed the weldments into closer 


Fig. 7 Influence of 
electrode force on 
penetration and sur- 
face conditions of 
metal finish seam 
welds 

Welding current 15,000 
amp, speed 140  ipm, 
contour 7 deg, and overlap 
in. 


contact, which reduced the circuit re 
sistance and the heat generated The 
electrode force of Weld KE had reduced 
the resistance of the welding circuit 


PENETRATION, & 


to a point that, with the same current 
flowing, inadequate heat was generated 


sUGGET 


for the joint metal to reach the molten 
state 
It may be noted that, in all welds 


shown, the heat and force combinations = = es 
were capable of complete edge mash ELECTRODE FORCE, 
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ae | | | | 
\ 
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Les 


that little or no penetratior accom maximul un rf it is generated ments ma letermuined principally 


‘ 
~ 


panied by a rapid reduction in strength wel Movement of the by imount of mash down desired 


Effect of Initial Overlap 


The mi rographs of Fig. 9 show 


nents beyond is point results in n ne optimun mash down 
id reductiv of penetration howe r, ing limited to In 


, reduction 1 pparentiy due to ered on the point of maximum pene 
effect of varying the amount of over { lefor ; bette heat d trat 
mture detorm r ney Lis 
of the weldments in the finish s« im pro nd hunting effects 
ess It may be seen that ‘ 

\laximum penetration is obtained just 


Effect of Electrode Contour 
little effect on the weld structure until 


th p r to moving the edge of the bottom I sin ‘ mtour ingles of the 
we ¢ rree ot overt is reduces ( 

n eg ip sheet into the contoured area It mav upp trock uenee the amount 
i re mately I I } 

be assumed then that further movemer generated in the weld zone 
thickness. Further reductiv ta ti it balanes 

wl lf mrmatior rit pp 
In reduce 1 | tration hunting probl sing contours ol 


d electrode | han deg he heat-affected 


chara influences \ if lose finish surface 


seam process this is 
current densit nm the 


Current densities rrent used t 
d.y Fieis irrent j sed to 
nitudes cause rapid heating , penetration, over 

ri nt ind jually iast position of e weldments is wating us surlace ults in heat 
remature down 
mt lo in obtamung idequate mas ite greater 
lowered ! density nd peneti he finisl wi r, there was relatively 
proved dissipation oO iM not at a titably itth noted During this investi 


creased electrode contact penetratic i] vere more con 
in turn, reduces the heating ing the 7-<deg 
weld zone contour 
Figure 10* is a plot o mall that ander 


teristics of mash sear we 

ing initial overlap It 

that as overlap increases 
thickness increases. If a 
lace 18 required in Joining the two 


the final joint thickness should be ma 


Fig. 8 The effect 
of electrode force 
on mash seam 


tained at approximately 12007, o1 
as shown by Fig. 10 One of the most 
difficult operations of production mas! 


welds 
seam welding is mamtaming this clo 


Welding current 13, 
000 amp, speed 130 
am and initial overlap 


150% 


tolerance on initial overlap 


surface is required on one We on 


BRE AKING 


comparison of the results of Figs. 9 and 
10 indicate that the metal finish opera 


tion permits wide variations of initial 


overlap in producing consistent qualit 


velds This the major advantage of 


the finish seam process 


Position of Weldments Between 
Electrodes 


The seri Inicrogra 


phs sho in 
Fig. 11 indicate the effect of varying 


Fig. 9 The effect of 
overlap on penetration 


thi positior weldments between the 


lectrodes vw other sriables held and surface conditions 


PENETRATION. & 


constant. The figures at the side in: of metal finish seam welds 


EDGE FINISH REO'D 


cates how far the lower heet edge Electrode force 1300 Ib, cr 


the right ol the upper electrode dye rent 19,000 amp, speed 140 


NUGGET 


ipm and contour 7 d 
variation has two major effects 
the sheet edge on the finish 
loved from the left side to the a 
123 
NITIAL OVERLAP, & 


contoured edge of upper electrode. the 


imount of finish required on the welded 


joint is reduced, Second, with this 
same movement of the weldments, the 


penetration increases to a point and 


(LBS) 


then rapidly drops off. The 
ol penetrate n duc to the 
current density, through the interface 
contact area, subjected to the greatest 
electrode force As the weldments are 


moved from under the flat portion of the 


Fig. 10 The effect 
of initial overlap 


on mash seam 


welds 


Electrode force 900 Ith, 
current 13,000 amp 


PENE TRATION 


BREAKING LOAD 


THICKNESS, 


contoured 


ind welding speed 130 


trode pre 


NUGGET 
JOINT 
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WELD SECTION POSITION, IN. 


Fig. 11 Effect of position of weldments between electrodes on microstructure of 
metal finish seam welds 

Force 1300 Ib, current 15,000 amp, speed 140 ipm, contour 7 deg x12 (Reduced by '/, upon 
reproduction.) 
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PENETRATION 


EDGE FINISH REQ'D, IN. x 107° 
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WELOMENT POSITION, IN 


Fig. 12 Effect of lower sheet position on penetration and surface condition 
of metal finish seam welds 
Electrode force 1300 Ib, current 15,000 amp, speed 140 ipm and contour 7 deg 
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slightly altered circumstances thus chat 
acteristic could be reversed 

The difficulty encountered with the 
smaller angles resulted primarily from 
the changes of pressure distmbution 
As the contour angle was reduced, the 
electrode force was distributed more 
evenly over a larger area. Since a poi 
tion of this area is not normally affected 
by the larger contour angies until after 
the initial deformation of the weldments 
the smaller angles require larger eles 
trode pressures. This, in turn, results 
in lower contact resistances and the 
requirement of higher welding cur 
rents to obtain sufficient penetratio: 
equally important is the fact that 
duction of the contour angle effective! 
increases the volume of metal to be 
redistributed by deformation. Thi 
also requires the inerease in electrode 
force to obtain adequate mash down 
The determination of the action most 
responsible for the disturbed heat 
balance was not considered important 
in this investigation, since welds of good 
juality could not be obtained over any 
suitable ranges with contours less thar 


j deg. 
Conclusions 


The following conclusions appear to 
be justified by the comparative analysi 
of the metal finish and mash seam weld 
ing processes and the examination of 
process characteristics peculiar only to 
metal finish seam welds presented in th 
r port 

1. The welding current and electrod 
force variations under relatively sim 
onditions for each process result in like 
characteristics. Slightly high cur 
rents and electrode forces are required 
hy the metal finish process to obtain 
desired surface finish and penetration 
The use of continuous current in pre 
ducing both types of wel : recom 
mended 

2. The initial sheet overlap must |. 
held to close tolerance in the mas! 
scam process to produce consistent! 
good weld surfaces, but overlap hea 
little effect on the resulting surface of 
the metal finish seam welds. This 
appears to be one of the basi 
tages of the latter process, 

3 The location of the edgy 
sheet next to the finish electrode 
tive to the contoured electrode, must be 
held to i“ tolerance ol approximat 

ea in. for metal finish seam welding 
0.031 in. low-carbon steel sheet TI 
would preclude indexing of the work for 
longer electrode life and would requir 
sare form ol electrode dre Ssiny ‘I hye 
location of the work in the mash sear 
process has little effect on the qualty of 
weld or surface finish. 

4 The electrode contour angle has 
little effect on weld characteristics f 
values over 5 deg tJelow 5 deg the 


pressure ; the weld zone ire 
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7-10 O€GREES Fig. 13 Recommended circular elec- 
trode contour and weldment position 
from 14.000 to 15 Rs for metal finish seam welding of 
speed 140 0.031 low-carbon steel 
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FURTHER STUDIES ON THE EFFECT OF 
MICROSTRUCTURE ON NOTCH TOUGHNESS 
AND FRACTURE MORPHOLOGY 


Investigation undertaken lo determine the influence of some 


types of discontinuous phases in a nominally constant 


ferrite matris on the notch toughness of the aggregate 


BY J. C. DANKO, J. H. GROSS AND R. D. STOUT 


Introduction 


Improvements in design, workmanship 
notably reduced the 
failures in welded 


and steels have 

number of britth 
steels, However, full advantage has not 
been taken of the 
tainable from a proper control of steel 


improvement ob 


composition and heat treatment due at 
least in part toa lack of understanding of 
the factors controlling notch toughness 
Nominally similar heats of steel exhibit 
unexplainably large variations im notch 
toughness, not only as base plate but 
velded 


Many investigators have attempted to 


especially in the condition 
correlate notch toughness with micro 
structural variations. The importance 
of certain microstructural variables such 
as ferrite grain size has been established 
However, the quantitative influence of 
all of the important variables has not 
been determined, Even less is known of 
the interplay of microstruetural vari 
ables such as those introduced by weld 
ig 

In continuing investigations! th 
authors have attempted to determine the 
effect of microstructural variables on 
variation im 


notch toughness The 


austenitic gram size, pearlite spacing, 
and type of pearlite as well as the micro- 
mechanism of deformation was investi- 
gated in a plain-carbon eutectoid steel. 
It was observed that notch toughness 
was reduced with increasing austenitic 
size and decreased arlite spacing 
It was further noted that the mecha- 
nism of deformation was a kinking proc- 
ess rather than the usual slip mecha 
nism. Microeracking, that led to ulti- 
mate failure, was noted to originate in 


the kink bands. The kink bands de- 


J. C. Danko, H. Gross and R. D. Stout are 
associated with the Department of Metallurgy 
Lehigh University, Bethlehem, la 
Presented at the 1056 AWS National Fall Meeting 
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d in width with le CTCASINE prt arlite 
spacing and caused cracking at lesser 
This be- 


havior supported the observed decrease 


amounts of deformation 


in notch toughness with decreased 
pearlite spacing 

In order to evaluate the effect of com- 
plex microstructures produced in weld- 
nents, a hy po-eutectoid stee] was In- 
vestigated Conventional heat treat- 
ments producing pearlite of decreasing 
spacings introduced variations in_ the 
ferrite grain size, quantity of pre-cutec- 
colonies, and 

Thus the 
controlling variables were not properly 
established The individual effect of 


pearlite structure was isolated by an 


toil fernte, size of pearits 
carbon content of pearlite 


nealing the specimen to precipitate all 
the pro-eutectoid ferrite and produce 
pearlite containing the equilibrium 
0.800) CC. Variations in the pearlite 
were then produced by reheating just 
above the lower critical and austenitiz- 
ing only the pearlitie regions. Cooling in 
various Ways to produce differing pearl- 
ites in a relatively unchanged ferrite 
matrix resulted in a negligible variation 
in notch Variation in 
noteh 
when the annealing temperature was 
changed and could be explained in 
terms of the resulting ferrite grain size 
changes This observation was sub- 
stantiated by examination of the origin 
and growth of the micro-cracks initiat- 


toughness 
toughness was obtained only 


ing failure. In general, these micro- 
cracks were associated with the ferrite 
phase and tended strongly to onginate 
at ferrite grain boundaries and at or near 
ferrite-pearlite interfaces Moreover, 
the propagating cracks tended to avoid 
the discontinuous pearlite phase and 
secondary cracks were often arrested 
upon reaching the pearlite areas. Sam- 
ples deformed in compression resulted 
in a relatively slight increase in the 


microhardness of the pearlite compared 
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to the ferrite, indicating only a minor 
participation of the pearlite phase in the 
deformation process. These results e% 
plain the negligible influence of pearlite 
spacing on the notch toughness of hypo 
eutectoid steels. 

The previous investigations were con 
cerned with variations of a lamellar 
pearlitic phase in a nominally constant 
ferrite matrix. The present investiga 
tion was undertaken to determine the in 
fluence of other types of discontinuous 
phases in a similar ferrite matrix on the 


notch toughness of the aggregate 


Experimental Procedure 


Heat treatment techniques were ce 
vised to produce three basi types ol 
microstructures on a C1030 steel of the 
following analysis: C 0.320,, Mn 0.61% 
P 0.016%, 8 0.029% and si 0.18% 
The three types were (4) 
ferrite and martensite, 
and (c) pearlite with a minimum of free 
ferrite. 

All specimens were initially heated to 
2000° F to provide a uniform austenitir 
grain size. For the type (a) structures 
seven series (Series D2 to DS in Table 1) 


pro-euts etoid 
martensits 


of specimens were annealed from the 
2000° I temperature reheated to 1350 

F and brine quenched, and Series D3 to 
DS were tempered at one of several tem 

peratures to obtain tempered martensit 
in a pro-eutectoid ferrite matrix. One 
of the tempering temperatures was 
chosen to match the microhardness of 
the martensite to that of the pearlite in 
a previous series of ferrite and pearlite 
By tempering in lead at 1300° F for 1 hi 

Series D8 developed a martensite hard- 
ness of 227 VHN compared toa pearlite 
hardness of 214 VHN in Series Dl. See 
Table 1. For the type (+) structures 
four series (Series D9 to D12) were brine 
quenched directly from 2000° F, re 

sulting in completely martensitic struc- 
tures. Series DIO to D112 were then 
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Summary of Heat Treatments, Microstructural Characteristics and Mechanical Properties of C1030 Steel 
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Notch Toughness Behavior 
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Howe ver it higher temperatures thy 


tempering treatment concomitant! 

brittles the pro-eutectoid ferrite 
embnttling is temperature dependent 
and at 1300° F outweighs the beneficia 
effect of reduced strength The exact 
nature of the embrittling effect not 


known. However, one manifestatior 


i tendency for carbides to migrate to the 


ferrite grain boundaries. This may le 


observed by comparing Fig 
temper at 1300° F) to Fig. 
temper at 1150° 


It appears from these results that the 


behavior ola low-« arbon steel | Col 


trolled principally by the pro-eutectoid 
500 (b) Series Da Picral-nital etch ferrite but that its deformation eharac 
teristics may be influenced strongly b 


DI 


x 


(a) Series 


the constraining environment In the 


next section, additional evidence on the 


effect of the discontinuou tructure o1 


deformation is presented to support th 


concept 


The transition temperature for the 


ferrite pearlite series (Serie 


been inserted into Fig. 2 and is seen to 


eerve a8 an extension of the curve ob 


tained for the ferrite-martensite ser 
The r transition te rature of thi 


ferrite-pearlite may be explained at least 


in part by the embrittlement induced 
in the free ferrite by the 4-hr hold at 
1270 used to obtain isothermal 


formation of course peartite The 


{c) Series D6 (d) Series 


harcne SSCS and superty il tppearanece ol 


the microstructure of the pearlite and 


Fig. | Typical microstructures produced by various heat treatments of a 
C1030 steel tempered martensite were very similar 
as evident from Fig. I(a) and Fig. 1(b 


In Fig. 3, the change in notch toug! 


ness of the martensite is shown asa fun 


negligible effect observed for pearlite occurs is restrained by the discontinuous tion of its strength level as altered 

Variations and from the initial paprove phase In the case of the untempered tempering. Again an optimum is ol 
ment associated with softening due to martensitic discontinuous phase, this tained in the tempering series, and 

tempering This is believed to result restraint is excessive and a marked re longer time at high temperature pre 
from two simultaneous but opposing duction in noteh toughness occurs duces an embrittlement It is sug 
effects The pro-eutectoid lerrite in The degree of restraint is reduced ma gested that the cause for loss of tougl 
Which virtually all of the deformation terially by the tempering treatment ness is the same in this case as for the 
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Fig. 2. The effect of tensile strength 
as varied by tempering on the notch 
toughness of ferrite-martensite aggre- Fig. 3 The effect of tensile strength as varied by tempering on the notch 
gates in C1030 steel toughness of martensite in C1030 steel 


Danko, et al Votch Toughness RESEARCH SUPPLEMEN) 


/ of \ hi 
| 
400f"T 
= 
/ 
tes! oes | -100 \ 


racture 


npered 


te sor 


initiation 


taal 


obtained t oltet iit at | j ti il 
100° F (Set Fhe Fig. 4 Crack at ferrite grain bound 
1(d) to conta of ary in specimen from Series D2 tested 

at —100° F of crack 


consid otte than that +} x 1000 Reduced by upon reproductior ecimen 

ferrite ( en | strated in | tow 
the same Thus reduction in tl \ f carbides are 


ith bound 


le i ith ith 
tant | tintion of cracks at 
tint t the ferrte-spherod 
tert the interior of the 
Like 


yyregates 


ile il it 


vhen thes 


rr Lenken at temnerat Fig. 5 Cracks at ferrite grain bound 


mn ¢i hritt rear ary and ferrite-martensite interface in 

t tion t erature were chose specimen from Series D2 o 

he following serie x 100 Reduced by ypon reproductior 
t ) y | | ‘ my? | 

Picral tal etch 


ferrite 


tru 


titers the 


Fig. 6 Interface crack in specimen ’ { us manner 
from Series D5 tested at F Che dis 


ire f x Reduced 
ral-nital etch it 


by spon repr ductior | om 


} 
tt te grain bound Fig. Microcrack initiating at ferrite 
{ 
te-t ter grain boundary in specimen from 
\ wk that ears to initiate at ft Series D8 tested at F 
| | that 


Reduced by spon reproduct 


rrall leveloped b i lor ter ‘ it t yular | 
F ter te collect carbic at the t | tu i to be re 
houndar hown in Fig. 9 
It was | i shown that p. 
tion temperature the neighborhood | 
of 300° An attempt was made t 
produce 100%; earuite in t t 
earbon steel in order to reveal the eflect wy ate kor ecimen te 
ol tent | t t 
the carbon content of the pearht 
is obtained | ipid cooling through tl ‘ 
transiormatior bene! i to . 
the notel toughness ofl ow-carbor 
steels ‘ 
Charp ens fr eve the ferrite 
¥ 
the test seri vere selected for lite re 
. 
examination ft letermine tl j t owe 
bas nite rial ol 
ent trar tion ter yveoratures 
emi itu | t ered for S tu 
M ty { ti ti 
ere how] etched i 
j t i 
~ , i tw i 
) er 1)? tested 
ty tu at thy il 
ter wered ity evealed 
that adel tion il if 
‘ \ that ed at a fer 
t ti { ich 
lieated by at 
+ ft fermte tey 
o 4 dest 
terfa ~ ‘ rack | : 
\ ! | the 
rof the ‘ ey ‘ 
! rved it 
i tint 
te grain boundari A 
cant 
fermen t ill ly peur 
| » ; oat oh, rpits Widmanetatten 
terface ‘ istrated we observed 
For th gate of | te and tint tt , 
tensite tempered for 10 min at \ ter 
~ tint =. \ marentls 
The ferrite ‘ eaved along the Picral-nital etch i it 
1956 Danks, eta Votch Toughne 607 


Fig.8 Microcracks at ferrite-spheroid- 
ite interface in specimen from Series 


D8 


xX 1000. Reduced by upon reproduction 


Picral-nital etch 


Fig. 11 Microcracks at pearlite col- 
ony boundary in specimen from Series 


D13 tested at —60 F 


X 1500. Reduced by 
Picral-nital etch 


upon reproduciion 


houndary and a pearite-ferrite titer 


face are shown in hig 


Strain Hardening Results 
Since the transition temperatures of 
the various aguregate structure varied 


markedly strain hardening of each 
structure of the was studied 
in an attempt to explain the transition 
temperature behavior Microhardness 
conducted on the 


tests were Various 


aggregates alter imple 
The results of the 


strain im compression for the 


COTPression 
nicrohardness 

pereent 
fernte of some of the various aggregates 
ive illustrated in Fig, 13.) In Pig. 14 
the strain hardening of the Vanious 
discontinuous structures in the presences 


} 


of ferrite is shown Phe as-quenehed 


aguregals the 


based 


lerrite-martensitt 
highest transition temperature 
ona 15 ft-lb level. The hardness of the 
ferrite in the undeformed condition was 
Further 


very high as shown in Pig. 13 
more the martensite did) not 
to participate in the over-all deforma 
thon the hardne did not changes is 
shown in Pig. In the ferrite-nmr 
tetimite 
for | he, the undeformed ferrite had a 


tempered at [300° 


much lower initial hardness and the 
transition temperature of this aggregate 
as-quenched 
ferrite-martensite mixture. [In addition 
the apheroidite that resulted from tem- 


wae much lower than the 


pering of the martensite participated 


appreciably in) the deformation of the 


HOS-s 


Fig.9 Microcracks in spheroidite from 
Series D1 2 tested at —90° F 


1500. Reduced by 
Picral-nital etch. 


upon reproduction 


Fig. 12 Microcracks in specimen from 
Series tested at —60 F 


xX 1500. Reduced by 
Picral-nital etch. 


upon reproduction. 


specimens Finally, the ferrite-matr 
tensite tempered at L000° F for 10 min 
had the lowest transition temperature 
among the various aggregates of ferrit« 
train hardening 
characteristics were studied andl the 
initial hardness of the ferrite 
From Fig. 14 it ean be seen that 
participated 


and martensite whose 


Wis much 
lower 
the tempered martensite 
in the deformation of the aggregate. On 
the basis of the strain hardening of the 
individual structures in the various ag 
gregates, the notch behavior appears to 
be related to the initial hardness of the 
ferrite, the rate at which it strain hard 
participation of the 
neighboring structure However, it 
pointed out that the 
hardness data were obtained on speci 
mens heated to 250° | 
mounting operation Thus the pre 


ens the 


nitust nero 


aurng the 


vious quenching followed by heating to 
20° FF probably introduced some aging 
which would be expected to influence the 
results 

Ferrite with a high initial hardness 
would reach the fracture stress by strain 
hardening well before ferrite with a 
lower initial hardness and the same 
strain hardening characteristics. Fur- 
limited participation of 
during de- 


thermore, the 
the neighboring structure 
formation will influence the behavior of 
the ferrite, and therefore, must, by im- 
posing restraint upon it, be taken into 


consideration in explaining the notch 
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Fig. 10 Microcracks in spheroidite in 
specimen from Series D12 tested at 
—90° F 


X 1500. Reduced by 
Picral-nital etch 


upon reproduction 


Fig. 13 Strain hardening characteris- 
tics of pro-eutectoid ferrite in various 
C1030 microstructural aggregates 
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Fig. 14 Strain hardening characteris- 
tics of the discontinuous phase in vari- 
ous C1030 microstructural aggregates 
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TRIAXIAL TENSION TESTING AND THE 
BRITTLE FRACTURE STRENGTH OF METALS 


Data are presented on the effect of yount 


thickness on the lensile strength of mild steel 


and drill rod brazed with silver and copper 


BY N. BREDZS AND H. SCHWARTZBART 


ABSTRACT A test has been developed material such as mild steel which con axial tension from. sore 


o determining the  britth eture 
for determining ventionally behaves in ductile fashion below the notch bottom to the bar 


strength of a metal under triaxial tension , 

The specimen utilized consists of a com happens to fail in brittle fashion as it center At the bottom of the not 

vonite of a thin disk of soft metal metal sometimes does in ships and other struc the stress condition is biaxial since | 
urgically bonded to two eylinders of hard tures It is useful, therefore, to be abl radial stress exists normal to a free 

ul When to determine the fracture strength of surlace At the bar center the radia 
in pulled in tension the thin soft disk is ‘ 
prevented from flowing plastically when tt material in the absence of prior plasty stress is equal to the tangential stress 
vield point ia re whed by virtue of the re flow It should be possible to achieve \ review of notch tensile testing and the 
straint imposed by the adjacent hard this condition if a material is subjected possibilities of its use im determining the 
‘ ders ius state o ten 

ylindes Phu triaxial to equal tension in three mutually per eflect of tnanxiality on fracturing ha 
in the thin dish bor u 

finite thin ieks plastic deformation ma pendicular directions. It would fur been presented by Lubahn 

bee completel ther desirable if thy longitudinal The noteh tensile test is relat 

Phe technique herein deseribed involve ‘tress could be varied independently of complicated in respect to the combined 
brazing bare of mild steel and drill rod the transverse stresses so that the degre stresses present and has defied quanti 
vith silver and copper to obtain the corm 
posite specimens. Data on the ari of triaxiality could be varied to deter tative treatment as yet. In addition 
athone of ‘trength with pount thy effect of triaxiality on proper there inh additional 
hess are presented and Che ties Furthermore, it would be the stress concentration which « 
these data as to the brittle fractus ible if the test were capable of mathe it the base of the noteh while th 
streneth - 

matics! or expermental analysi 0 men is being loaded in the elastic rang: 

thi one compa cle ere ititativel te deformation 
Introduction hat or uld determi jual After pimsti i 

the principal stresses this stress concentration 
tension test Much Work | i heen done on the largely ernsed and rr 
used widely for the evaluation of the effect of biaxial stre systems on flow concentration Thus str ind st n 
mechanical strength and cduetilit of ind fracture Such data are relative! are nonuniform in distribution and this 
It imple to perform andl it to obtain by loading thu vull serves further to complicate the preture 
may be considered adequate in most tubes under various combination of Rather than discuss here in further 
Cre iS the first approximation of the longitudinal tension or compression tail the deficiencies of the noteh t on 
Wavy troetais reaet to mechanical loading internal pressure external pressure of test in dete rmining the effect of ti 
service torsion The hydraulic bulge test on ixiality on fracture, suffice it to 

Several considerations, however, ind) thin sheet has also been used to ob that it has not proved uh juste 
cate the defierencies of the simple ten tain biaxial stress conditions, circular Many other triaxial tension tests 
ion test and the need for additional bulges for equal biaxial stresses and ¢ have been suggested and are r 
for the tue of the flow and lipote il bulges for unmequa by Nadai However, to the best 
fracture of metal For one thing, the tresses. Still further. the effect of the writers’ knowledge no test has vet 
loud imposel on a part in service | biaxial stresses on fracture has been proved successful in providing the de 
eldom one of simple tension but bs obtained by bending wide specimens of sired results 
mor olten one ol wnbined str various width to thickness ratios One test. however which ha or 
The need for information on the effect The effort to obtain meaningful quan used by Orowan. Nve and Cairns® and 
of combined stre on flow and fracture titative data under conditions of tri Zschokke and Montandon*' ma 
is, therefore, apparent It is this par axial tension has oeceupied workers in capable of fulfilling the conditions 

j asl 
Hieular consideration which ts the su tlow and fracture for some time and has quired of a triaxial tension specit 
jeet of this paper not proved fruitful to dat The ob The composite specimen illustrated 
| 

Usually in tension testing of metals ‘tacle has not been to produce triaxial Fig. 1 consists of a thin disk of it 
enn is concerned vitl first plasti tension: this is easily done To produce metal bonded to two evlinders of | 
flow, then fracture It to the uncompheated traxial tensor i metal When the composite spe 
least espect ily disconcerting when a fnashion capable of analysis or 1 is Is pulled in tension the soft disk reach 

urement the its vield point before the hard ne 
N. Bredzs ie Heeoar Metall iu tension testing of a cireumferentially but is prevented trom contracting 
Sch t W ling | 
notched evlindneal bar tn tieally by virtue of being bonded to tl 
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“Brazing” of Extremely Thick Joints 


Fig. 2 Apparatus for ‘brazing’ of 
tensile specimens with extremely thick 


filler metal joint 
Cylindrical steel bor cup machined or | Fig. 3. Tensile test bar (dotted lines) 


th r end er lindrical steel bar 
turned down from “brazed” half-bars 
induction coil , molter G, gias 
plate; I, gas ir tube O, gas continuous lines) with extremely thick 
utlet , transite block ‘ , steel wire filler metal joint 
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Fig. 4 Cross sections through pure 
silver melts solidified in porcelain 
crucibles 

(a) Completely degasified pure silver. (b) Com 
mercial silver 


However, the 


tere 


could be easly obtamed 


exact determination of — the 
strength of the thicker joints was con 
siderably hindered by the large amounts 
Ther 
ind’ causes of the gas 
thick and the 
problem of the elimination of such in 


of gas inclusions in these 
fore, the 


inclusions in very 


nature 


clusions were investigated in brazed 


joints made with pure silver filler and 
low-carbon steel base material 

In order to minimize the problem of 
gas inclusions, it was attempted to ce 
crense the gas inclusions by means oi 
“degasification of the silver before 
the silver 


brazing of steel bars was mack 


braving Sines used for 
from 
pure, commercial silver which usually 
is not quite free of oxygen, and sine 
the solubility of oxywen in solid silver 
is considerable (up to 0.5 volume ol 
oxygen in one volume of silver), it was 
felt that by melting the silver wire in 
10% H, + 90% N 


2H, + O, 2H,O might take 


atmosphere the 
place and thus the formation of water 
Vapor bubbles might be re sponsible for 
the formation of voids in pure silver 
brazed joints 

According to this reasoning, the best 
way to completely remove oxygen trom 
silver before brazing would be to melt 
the silver wire in 10°) H + 
atmosphere and keep it molten under 
this atmosphere until the development 
bubbles 


degasificeation im vacuum 


ofl cenused completely 
Certainly 
would be the most effective way to re 
move any traces of gas from molten sil 
vet However, since all the brazing op 
performed in LO, Hy 4 


hbeenuse of the 


erations were 
N 


necessity of reducing the tee! surtaces 


atmospl ore 


it was of no avail to degusify the silver 
in Vacuum since it could again piek up 
hydrogen during the brazing operation 

On the other hand, the solubility of 
hydrogen in molten silver compared 
with the solubility of oxvwen, according 
to Smithells,* is very small. [t should 
he especially low in LO", 
Ny atmosphere, except for very small 
amounts of hydrogen which might pre 
cipttate by solidification of the 
dewasified in the 10° Hy, + 90°) N 
atmosphere 

The degasificeation of silver was ae 


siiver 


complLshed by melting the silver wire 


Ol les 


in a porcelain crucible 
filled with 10% 4 
these experiments, it 
by remelting the 

in 10% H, + 90% 

again occurred, The 

from molten silver ceased 
only after at least four 

ations in the 10% H 
moephere It 

the gas-free 

pipe in the center of the 
during solidification, as shown 
The shrinkage 
on solidified surfaces of nondegas 


pipe Was not o 


ver (Fig. 4) 
Thus, it might be « 
brazed joints, completely tree trot 


xpected tl it 


would be obtained b 
Indeed 


made with 


clusions 
degasified silver 
brazed joints 
silver showed a considerable 
of gas inclusions; and in some 
joints, oo gas inclusions wer 
after fracture of the joints 

However, in the center of the thinner 
silver joints a new type of joint imype 
fection could be discerned: nan 
characteristic polygon-shaped void 
rather sharp edges and corners, as 
trated in Fig. 5 
void was always found on both surta 
of the fractured joint. In a few cus: 


This polygon ad | iped 


smaller voids were also present around 
the large void in the center of the joint 
Since this type of joint impertectior 
was present only in the joints made wit! 
degasified silver, it was concluded that 
this type of void is caused by volur 
contraction® during the solidifieation 
of the degasified silver 
of the steel bars after brazing proceeds 


Since cooling 


surface inward, the silver u 
last te 


from the 
the center of the bar will be the 
solidify, consequently the effeet of the 
volume contraction must show up her 
in the form of a shrinkage cavity 

In order to eliminate the fortmatio 
of the 
process was modified so that during the 
outer 


shrinkage voids, the brazing 
cooling period after brazing, thy 
surface layers of the steel bar 

the brazed joint could he kept il 
than the 


would 


eenter 


higher temperature 
the joint and cooling proceed 
through the ends of the bars Phis 
condition can be achieved by switching 
on the high frequeney current in) the 


around the joint: tor quite «hort 


intervals during the coolhng penod 


In this manner, the conditions 


cooling 
in the silver 
that now the center of the 

should be the first portion to ber 
solidified 


shrinkage cavity would not be for 


Under such conditions 


in the center but on the edge 
silver disk which would be remo 


the lathe by turning down the brazed 


* According t 


Wetala Handbook (ASM, 1945 
olid « er at WOO 
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Fig. 5 An enlarged photograph of 
a fractured brazed joint, X] 


The two tensile half-bars were brazed with pure, 
degasified silver. The typical, polygon shaped 
shrinkage cavity is present on both end sur 
faces 


standard 0.505-in 
Thus, a complet ly 


bars to the 
specimen 
silver disk might be obtained 
To prove this reasoning, a ser 
brazing experiments was mac 
strict observance of the outlined 
cedure By using the degasified 
as filler metal and the modified brazing 
procedure for brazing of thicker joints 
voidless silver joints could 
of jomt 


eon pletely 
be obtained in a wide rang 


thicknesses the only 
the extremely thin joints 


ptions 


with 
Thus, the next problem to be solved 
was the development of proper tech 
niques for brazing of extremely thin 
joints 
Brazing of Extremely Thin Joints 

After a great deal of experimentation 
with 
brazing with filler metal electrodeposited 
on the ends of the evlindrical tensile: 


brazing technique involving (1 


hars, (2) slow cooling from the brazing 
operation and (3) improved methods 
of preparing the bar ends for brazing 
it was found that quite perfect joints 
uniform joint thick 
O.000005 in 
achieved 


Such joints became obtainable throug! 


and sufficiently 
nesses of only 
even le could 


the abandonment of hand polishing of 
the bar ends and by adopting a precisiot 
grinding machine with i subsequent 
polishing with fine carborundum paper 
(400A). It was found that preplacing 
the filler metal by eleetrodeposition did 
did sl 


operation 


not improve joint quality, no 
cooling from the 
Therefore the 


brazing 
procedures deseribed 
used for the brazing 
with the exception 


of the increased care in grinding of the 


pre viously were 
of very thin joints 
bar ends 

Thus with the 
inprovement of thy brazing 


development 
gradual 
techniques for extremely thin and 

tremely thick brazed joints the uv 

tigation of the tensile strength-joint 
thickness could 
range of joint thicknesses from 0.000005 


to 0.25 im 


eurves ASS i 


Tensile strength joint thickness cu 
were obtained for mild steel 
rod brazed with both silver an 
Experimental Results 

The results on the effeet of joint thick 
ness on the tensile strength of sil 


SUPPLEMENT 


(a) (b) 4h i 
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Wy 
i it 
big. 4 
ed sil 
—— 
he 
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on 
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brazed bars of mild steel and drill rod 120,000 T 

are presented in tabular form in Tables 

ind i iphi fill n | A - DRI ROO 


semilogarithmic plot is used in Fig. 6 


because of the wide range of joint thick- 100,000 t + } 

nesses involved Tables | and 2 pre- } 

sent the joint thickness measured at r 

four positions around the circumfer- 
ence of the bars as well as the average a 60,600 | a 7 

thickness, the tensile strength and ob r 


1020 STEE 


x 
servations on the quality of the bond 
° 
Tensile strength-joint thickness curves z 
for mild steel and drill rod brazed with e 
ap 
copper are presented in Fig. 7 
Discussion 
i 
The obser tions ind col isons 
that can be made from a detailed ex 
amination of the data ot hig OH are sig 
factors determining the strength of | ] 
brazed joints andl (2) bas mechanical 
properties of metals Item (1 s true 
because s er and iron are practically 
completel insoluble each other © 000001 0.00001 0 0001 0 001 0.01 
This make t possible to study the me JOINT THICKNESS - INCHES 


chanical aspects of the problem ion the 
: Fig. 6 Tensile strength-joint thickness curves of pure silver joints (1) in 
interierence Of tne 


“ SAE 1020 steel (solid line); (2) in drill rod (dotted line) 


phenomena ih as diffusion or pre 
ecipitations 

It is seen that as joint thickness ds previously Sources of transverse stress trengtt nt thiekne curve can be 
creases frot 0.100 in. the tensil other than the difference in yield een from the review of Bredas® which 
strength rises, reaches a maximum and strengths also operate but these are reveu that in those cases ino which 
decreases. For the data presented, the not as potent. One of these is the dif there is no differes n strength between 
highest strength is obtained in the range ference in modulus of elasticit be bulk fille netal and base metal, joint 
of thicknesses from 0.0001 to G.0005 in tween filler metal and base metal strengtl unaffected by jomt thick 
he reason for the rise in strength witl Chis difference in modulus of elasticity ne even though a difference in modu 
decreasing thickness is primaril the will give mse to trat erse tension at iu es exist Dhiewse ume data ind 
transverse tensions introduced by the ill stresses even below the yield strengtl eate that the effeet of joint: thickness 
differences ield strength between of the filler metal That this factor | on tensile strengtl not due to a siz 
filler metal and base metal as discussed not potent in iffecting the tensilt effect It might be reasoned that thin 


Table 1 Tensile Test Results of Low-Carbon (SAE 1020) Steel Bars Brazed with Pure Silver Under 10% Hy 4 909% N, 
Atmosphere 


thickne 


Vo 180 j p Quatily the metallic bond 


119 0 0 OS] 102 19 600 Some large bubble 
2, A 0 OO45 0 OO45 0 OO40 0 0040 50000 Some void 
25 A OOO5* ound and voidless 
ALC 128 OOO5! 0 0 OOO54 67.200 4 ite hand 
ALC 134 0 OOOOS 0 0 62,150 er film part eal 


riracture 


Table 2. Tensile Test Results of Drill Rod Bars Brazed with Pure Silver Under 10% H, + YOY Ny Atmosphere (After Braz- 
ing the Drill Rod Bars Were Cooled Down in 10% H, + 9OYZ N, Atmosphere) 


limate 


lenaile 


Specimen Jownt thickne in trength 
No peat Quality of the metallic bond 
ADK ISO 0 0122 0 O113 0 O17 14.150 kag 
ADR 104 0 OO5S80 0 00406 0 OO6815 0 OO545 gua ¢ 
ADR 114 0 00025 00221 0 QO OOLLY 76,600 \ pet t (2 void 
ADR ILS 0 0 OOOTS OOO14 0 boxtreme thin film Somewhat 
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Fig. 7 ABCD, tensile strength-joint thickness curve of pure copper joints 
in SAE 1020 steel. EFGH, tensile strength-joint thickness curve of pure 
copper joints in drill rod bars 
ner, therefore smaller, disks might be 1020 steel and drill rod were deter- 
stronger than thieker disks because of mined for solid, unbrazed bars put 
statistical considerations, namely, that through an induction heating cycle 


there is less likehhood that a serious de 
fect exists in a small volume than in a 
such a factor 


large volume. Llowever 


operates regardless of — the relative 
strengths of base metal and filler metal 
and, if the 


then a rising curve should be obtamed 


hypothesis were correct 
even when the strengths of base metal 
and filler metal were the same 

A further source of transverse ten 
sions is the difference in coefhicient of 
expansion between silver and iron As 
the brazement is cooling after solidi 
silver disk 18 put into 
radial and circumferential tension by 
virtue of the fact that it wishes to con- 
tract more than the steel 
This residual 


fication, the 


which pre- 
vents it from doing so 
stress after cooling to room temperature 
will add to the transverse tensions which 
arive in subsequent tension testing 

It is pertinent to note that all of the 
failures were on the plane of symmetry 
of the silver disk: none of the failures 


were at the interface between silver 
and steel, even under a tensile stress as 
high as S4,350 ps. It 


from the fundamental point of view to 


& Interesting 


ponder the reason for the maximum or 
Plotted 
on the figure are the values for the ulti 
1020 steel 
strengths of the 


plateau of the curves of Fig. 6 


mate tensile strength of silver 
and drill rod. The 


Olds 


identical to that received by the brazed 


bars Actually, the plotting of vield 
strengths under the particular multi- 
axial strese state existing in the com- 
posite specimen would be more perti- 
nent to the ensuing discussion than 
tensile strength but these data are 
unavailable The maximum for the 


1020 steel brazements, the solid curve, 
exceeds the yield strength of the parent 
steel, almost reaching the tensile 
strength of 69,000 psi. Thus it is evi- 
dent that the mild steel deformed plas- 
tically 
triaxiality on the silver disk 
terms of the objective of determining 
the fracture strength of silver 
prior plastic flow 
test susceptible to analysis, the picture 


thus decreasing the degree of 
Thus in 


without 
and doing this in a 


becomes hopelessly complicated The 
curve for the drill rod brazements, the 
broken curve, lies above that of the 
mild steel brazements proving the effect 
of the vield strength of the base metal 
on the strength of the brazement 
sider now the case of drill rod brazed 
Although the maximum of 
the drill rod curve lies somewhat below 
the ultimate tensile strength of drill 
rod, it was observed that some 
deformation of the drill rod did occur 
Thus, even if it might be stated that the 
vield strength of drill rod in uniaxial 


(‘on- 


with silver 


plastic 
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which 


tension is higher than 84,350 psi 
is the level of the maximum. referred to 
this yield strength is depressed by the 
radial and circumferential compressive 


stresses present in the lavers of drill 
rod at the Therefore 
plastic flow of the drill rod, as well as of 
the mild steel was obtained There- 
fore, it would be particularly interesting 


braze interface 


and pertinent to determine the curve for 
metals, Pre 
attempts to accomplish this 


yet higher strength base 
liminary 
failed and another program, tore pre- 
cise and comprehensive, is now undes 
way to exploit this experimental method 
in achieving the desired answers. At 
the strength of 84,350) psi 
achieved for drill rod brazed with silver 
is four times the tensile strength and 11 
times the yield strength of silver 

The questions suggested by these 
intriguing. What is the ab- 
solute strength 
which cannot be raised by 
crease in the vield strength of the base 
metal? What is the mode of fracture? 
It is known that iron, a body centered 
cubic metal, fractures in ductile fashion 


any rate 


data are 
maximum attaimalle 


further 1 


above the transition temperature on 
octahedral planes, and in brittle fash- 
ion below the transition temperature 


on cube planes. Face-centered cubs 
metals, of which silver is one, have not 
known to brittle 
fashion. A further interesting possi 
bility itself 
if the joint thickness is so small that it 


may be considered a thin film in the 


been fracture in 


interjects Presumably 


sense that it no longer possesses a regu 
lar lattice but can be considered amor 
phous, what then? Has this 
actually been achieved with the strength 
of 84,350 pai? 

It is, as the above discussion indicates 


condition 


premature to rationalize the data of 
hig 6 As discussed above, a more 
comprehensive program is now under 
way to obtain the more complete and 
required to 
understand the phenomena 
In particular, the tensile strength-joint 
thickness curves in the region of thin 


precise data completely 


involved 


joints must he accurately determined 
and for systems in which there is no 
possibility of plastic deformation in the 
base metal 

For comparison purposes, the duta 
on mild steel and drill rod brazed with 
Recall 


that, whereas in the case of brazing with 


copper are presented in Fig. 7 


silver one is concerned principally with 
mechanical factors due to the lack of 
solubility between iron and silver, im 
the case of copper one 18 concerti do with 
the additional factors of diffusion and 
grain boundary penetration. The gen 
eral trend of the tensile 
thickness curves obtained on pure silver 


strength-joint 


and on copper is quite similar. As the 
joint thickness decreases, the tensil 
strength gradually increases from the 


tensile strength of pure filler metal in 
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extreme] thick joints to the ti mile 
strength of the base metal in very thi 
joints Hows er, it should be kept in 


mind that for ver thin jomts the opper 


can diffuse completely into the base 

metal, leaving no discrete joint but only 

i Zone Of copper enriched steel Thus 

steel to steel contact is made across 

what would be the joint In pulling 

such bars in tension, fracture can bee 


obtained in the base metal outside the 


joint ares 
Summary and Conclusions 
Methods have been developed 


making brazed joints over a wide range 


of thicknesses, making it possible to 
study fundamental fractunng behavior 
under triaxial tension. Tf a composite 
specimen consisting of a evlindncal disk 
of a soft metal such as silver bonded 
to two hard eylinders such as ster is 
pulled in tension, the soft disk Is ub 
jected to large tnaxial tensions when 
the stress reaches the yield point of the 
soft disk which is prevented from yield 
ing plastically by the adjacent hard 
eviinders. The degree of triaxiality 1s 
higher the thinner the disk and it is felt 
that the fracture strength of the d «k 
material in the absence of prior plasti 
flow ma be determined by testing or 
extrapolating to infinitely thin disks 
This paper presents data on the effect 
of joint thickness on the tensile strength 
of mild steel and drill rod brazed with 
ilver and copper. The silver brazed 
joints offer one the opportunits to study 


mechanical factors in the absence of 


interfering metallurgical phenomena 
such as diffusion or grain boundary 
penetration because there is no mutual 


solubilit between iron and 


S00) psi The tensile 


strength between 


the stress distr 


‘ thin filler metal 


h a State of ver 
i tate of almost 


Under such 


ile strength of pure 


tensile test 


iInereased is the 


2.000 psi, can be in 


trength-jomft 


int wid 
n SAK 1020 steel 
if quite ¢ vient 


trength of the brazed 


increasing tensile 


metal In i jyount 


he drill rod curves 


tensile strength 
1020 steel curves 
ild steel and 


deformation ol the 
obtained, thus conmph 


ition of the brittle 


of the filler metal 


en capable of de 


fracture strength 
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THE WELDING OF HIGH-STRENGTH 


ALUMINUM ALLOYS IN HEAVY SECTIONS 


Investigations indicate that 5154 and 5056 aluminum alloys 


in heavy sections handle satisfactorily and have 


Scope 


It has been the purpose of the research 
reported in this paper to verify the weld 
ability and applicability of the alumi 
5154 and 5056 in the hea 

trengths form 
erly reserved for the heat-treatable 
alloys such as 6061, It has been ver 
fied that these alloys do handle sate 
factorily, and that they do have mv 
chanical property advantages over 6061 


num alloys 
sections and high tensil 


for many applications 

Developments of the last two decades 
in the fields of transportation chemical 
process equipment, military armament 
and commercial aireraft have focused 
attention on aluminum in general and 
high-strength aluminum alloys in partic- 
ular, The use of aluminum alloys for 
hens pressure vessels and machinery 
elements has been greatly stimulated by 
the development of the inert-gas weld- 
ing processes, including both the tung- 
steneure Process and the newer metal-are 
consumable-eleetrode process 

Unfortunately, the strongest alum 
inum alloys are not always the best 
answer to specific industrial problems 
nor are they usua'ly considered “weld 
able’ by 


mand for larger and stronger weldments 


fusion processes for several 
There has been a growing de 


requiring stronger materials or welds 
heavier sections or both 

The fabrication of aluminum alloy 
railway tank ears for the chemical in 
marked, in 1936, the entry of 
Ine., into the field of 


dustry 
ACF Industries 


welded aluminum fabrication. Since 
that time coneepts of both “high- 
strength” and “heavy section” have 


been relentlessly modified. Today we 
accept as routine the manufacture of 
various machinery and pressure-vessel 


components in base metal thicknesses 
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mechanical properly advantages over 6061 alloy for many applications 


up to and exceeding six inches. The 
heaviest welds Pprocesst d to date have 
been approximately fourteen inches 
luce to lace On the “strength” side of 


the ledger we have alloys providing 4s 
strengths ranging from 
10,000 pei. Where 
treatment is prac- 
15,000 pst 


welded tensile 
25,000 to over 
postwelding heat 
ticable strengths of 
have been accomplished light se 


tensile 


tions and it appears entirely practical 
to provide welds of approximately base 
with acceptable due 


metal strength 


tility, in even the heaviest sections 


Alloy Selection 

There are a number of basic consid- 
erations in the selection of an alum- 
inum alloy and manufacturing proce- 
dure where high-strength materials in 
heavy When 
heat treatment can be accomplished 
that is, where furnace and quenching 
equipment capacity is adequate and the 


sections must be used 


design is such that such a cycle is fea- 
sible, a heat-treatable alloy may be the 
Alloy 6061 is a popular choice 
material pro- 


“answer 
of commercial wrought 
viding relatively high strength in the 
heat-treated condition and it is weld- 
able in any condition. However, weld- 
ing results in the loss of heat-treated 
mechanical properties in the vicinity 
of the weld, consequently a balanced 
design in material heat treated prior to 
welding must have an increase in sec- 
tion at the weld locations if weight o1 
section economy is a factor If the 
weldment ean be heat treated after 
welding, assuming again that equip- 
ment is available and the cost is not 
prohibitive, we must then concern our- 
selves with the heat-treated properties 
of the weld deposit Deposit strength 
and ductility are considered, of course, 
as some function of these same proper- 
ties in the base material. It follows 
that the heat-treat evele would almost 
necessarily be determined by the re- 
quirements ol the base material, and the 
susceptibility of the base material to 
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heat treatment (for a given analysis 

a function of the mass of the section to 
be so treated Time-te mperature plots 
of hardness (and tensile strength as a 
function of cooling rate reveal that it 
may be difficult to obtain optimum coo! 
ing rates for the heat treatment of, lor 
instance, 4-in. plate to secure the same 
hanical properti a8 on could ex 


pect with, for instance in. plate 


A further complication arises in that 
the weld deposit in aluminum will not 
necessarily approximate the chemical 
analysis or metallurgical condition of 
the base material. For this 
there is little liklihood that the weld ce 
posit will harden with the same pre- 
dictability as the base plate. In thin 
sections the weld nugget may be largely 
In this 


renson 


or entirely fused base metal 
instance, the weld nugget may very well 
harden satisfactorily (although — the 
ductility has been known to be ex 
In plate thicknesses of 


tremely low) 
from in 
a single-vee weld groove, one must add 
filler metal, and the degree of dilution 
of this filler metal will be a function of 
both the process and procedure used 


to perhaps 


The tungsten-are process might be @x 
pected to place the most homogeneous 
deposit and it would ordinarily provide 
the least dilution. The degree of dilu 
tion secured with the metal-are con 
sumable-electrode process is a funetion 
of the depth of are penetration and 
hence of are power and wire size. In 
heavier sections it is difficult, if not en 
tirely impractical, to depend upon side 
wall penetration to provide base metal 
alloving of the center of the weld nug 
get to secure some desirable degree ot 
heat treatability. 
The uninitiated might well ask 
“why not make the filler wire of the 
same alloy as the base metal?” This 
has been largely unsuccessful in the 
heat-treatable 


reasous 1) The 


welding of aluminum 


alloys for several 


provide poor properties 


analysis may 
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in a “cnst weld structure because of 
grain siz onentation segregation 
coring or other metallurgical considera- 
tion. The most obvious manifestation 
of this mav be in deposit ductility or 
impact strengtl 2 Cracking diffi- 
culties are commonly encountered and 


may be due to lack of hot stre neth or hot 


ductilit it or slightly below the tem 
perature of coalescence In some cases 
ductility m not be a consideration 
and in others it could possil he im 
proved Dy speci heat treatment | 

improving the structure hy either hot or 
cold work Industry has learned, the 
hard wa that it osts mone to re 


pair cracked welds and perlorm 


heat treatments or forging Operations 


except where weight is a criti il faetor 
as in aircralt The almost) universal 
approach has been to Use n alloy pro 


viding freedom from cracking and other 


troubles, to place a homogeneous weld 


each and ever time if possibi ind to 
sacrifice strength af necessary 
nomics has also dictated the use vy her- 
ever possible of existing materials 


Partially for this reason industry has 
relied upon alloy 4043 5°, silicon) as 


a filler material for the joming of many 


aluminum alloys, including 6061 This 
filler allo handles aati factoril ind 
cracked welds are a rarit vhen it 1 


strengths desired 


ith VIZ oom Vill 
proximately the ar 


On the debit side 
the fact that the 
f is not heat-treatable to the 


m the 6061 alloy 
must be depended 
improvement is to be 
heat treatment 


Work-Hardening Alloys 


ron 


heat-treatabl 


1 5154 are not 
wh the ire deh 
strength categor' 


and other 
ire functions ol 


reasing With in 


ol 
beme stronger in 
re a greater per 
r pas is pos itole 


be satisfactonly 
wnefieral effects of 


in sheet and some 


ent it must be con 


ilthough if ma not 


weal atiter roiling 
gy oon thy 


be the removal 


intawe im the 
} main is Tune 


Alloy Silicon Copper 
A 0 40-0 80 070 O 
5154 0 45 
and 
0 40 40 
1045 15 6.0 0 


0 57 35 


HOGOL + 4045 


5056-0) 


5056 4+ 5056 


rh 6 0050 20 


0 79 26 


Legend: Specified 


from 3-in. Test Ring. C— Actual analysis of we ld metal from 3-in 
(548) from 3-in. Test Ring I Actual analy 


stock (568) from 3-in. Test Ring G Actual 


* Denotes “less than.’ 
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hemical composition limite for the respective 


d metal from 3-in. Test Ring 
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alloys in this group 
Test Ring (618 with 4: 
from 3-in. Test King (548 with 548 Filler 


sie Of base stock 
snalyeis of base 


properly el tion of time and temperature and the a 
of the ledge P| zone of complete annealing may be very fm 
alloy in it narrow The weld deposit will also de 
have the properties of the annealed ve 
Base met materia Actual these are high ie 
ipon if a tens! trength allo ince their vield S. 
secured by strengths in t innealed condition are Ss 
eee somewhat below the values for a heat os 
treatable alloy of the same tensile 
We have discussed strengtl The high und low 
lerations egarding a eld strength of these ano in the an a 
hays Allo Mt neaied COnCITION ¢ ourages the practice 
heat treatable, alt! of designing upon the eld strength 
nite the high t} upon the tersile trength 
Hes the tensile st \ ght have bee oncluded from 
mechanical properti« the | ‘ of the hterature 
work hardening re i! ure ich as to recommend 
the thinner gage \\ the here 1) high ductility and 
entage reduction | trengtl ire primal functors; 
ind id rolling ca 2) postwelding heat treatment Im 
3 rolling can be secured particular corrosion resistant properties 
plate, but at the pr particuls in th use identical 
eded that heavy filler metal) are desirable 
by upplied in a Prudent the rcoessful fabricator 
have been given an a elf for the fabrication of a new metal or 
a The effect of ee loy, even though a general similarity : 
hardened material wi) to me ommon materials is obvious 
f that strength ad I} particulal true where a mate 
i einity of the weld rial is relatively untried by industry and : 
Table 1—Chemical Composition Limits as 
Vint 
mum 
Other re 
Vanganese Magnesium Chromiun Zine Tita am lotal mainder 
015 12 015035 020 O15 005 O18 A} 
() 010 0 15-0 35 0 20 OS 0.15 Al 
0 05-0 20 8 005 O18 Al 
027 0 05° 0 05° Al 
Ni 0 05° 
0.10 0.05° 0.18 0.06° 0.10° 0.05° 
D 5154-0 0 25 0 05° 0 30 0 21 O11 0 O5* Al 
rho 
Ni 0 
Bi 
5154 + 5154 Ol 018 0 05* 0 O5* 2 02% 010% O15 0 Al 
Ni 0 O5°* 
Bi O O5* ~ 
| 010° 0.12 0 07 0 14 1 60 010 0 OR 0 16 25° Al 
PbO 05* 
Ni 0 O5* 
Bi 05° , 
G 010° 005 0 0 10 40 010 008 O14 () 25° Al 
PbO O5* 
4 Ni 0 
Bi O5* 
Actual 
68 with 568 Filler 
| 


Fig. | 


there exist comparative doubts of « ither 
its workability or application, Such 
Was the reaction to the announcement 
ago, of the high-strength 
aluminum alloys S154 and 5056 At 


several yeurs 


that time the writers’ organization de 
enled that 
best previous high-strength weldable 


(1) all existing data on the 


alloy (6061) should be pom 
piled and reverified as necessary; (2) 
upon completion of this, a program 
should be initiated to investigate those 
recently developed alloys deemed most 
likely te gain an important place in 
welded industria! and military fabries 
tion, The data and information to fol 
low wae gleaned from several years of 
both developmental and production 
welding 

The criteria by which materials of 
construction are chosen, or by which a 
final selection uw made, are many bor 
the purposes of this investigation, it 
sufficed to make short-time mechanical 
tests since such factors as eres p, Stress 
eorromion oF neral corrosion were not 
Because the 
heavy 


immediately relevant 
general requirement was for 
aluminum’ it was decided to run test 
welds, as they might be required, in 3-in 
Test weldments were eyl 
inders 36. in. OD by 12 in. long, con 
taining one circumferential weld, It 
had previously been determined that the 
properties of 3-in, material would gen 
erally appro imate those of the mate 


rial range from 2 to 6 in. and also pro- 
vide sufficient wedment mass to ap 
fabricating condi 


proximate typical 


tions, Since “weneral”’ information was 
sufficient, it was also decided to use 


O.005-in. tensile specimens ein, free 


ti 


Tensile testing full-size specimen 
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bend specimens and standard  vee- 


notch Charpy specimens 


Radiography 
Radiographic standards for produc- 
tion work were used on test welds. All 
test welds met ASME code 
unfired 
speaking, the 


require 


ments for pressure vessels 


Generally self-imposed 
porosity standard for critical work cor 
re sponded to the ASMIb Code standard 
for welds of one fourth the thickness 
heing tested. That is, 2-in. plate we'ds 
were checked against porosity standards 
established for ! 


of hundreds of production welds show- 


-in. plate. Radiographs 


ing a diserimination of 207 or finer, have 
been essentially clear 


Conditions and Limitations 3 


There were several limitations to be 
considered in the test and thei evalua- 
tion 

Commercial allove im commer- 
cially available temper must be used 

2. Commercially available welding 
and heat-treating equipment tust be 
used 

3. Commercially practicable (al 
though not necessarily conventional) 
welding and heat-treatment procedures 
must be used 

These limitations were imposed for 
several reasons 

l There existed a cortviction that 
the tests would probably reveal certain 
shortcomings that 
of filler- 


metal allovs not commercially available 


joint ofr deposit 


would indicate the desirabilit 


In quantity 

2. It was felt that filler-wire surface 
condition might be an important factor, 
but that side research on the subject 
Was not justified 
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Fig. 2 Fusion line, 4043 weld in 


Fig. 3 Fusion line, 4043 weld in 6061, 
HT to T-6 


3 It should be possible to transiat 
the results into mass production proce 
dure s 
with little or ne modification 

} Procedures should be as simple 


using conventional equipment 


and straightforward as possible 

For the above and other reasons the 
following basic procedure variables 
were initially fixed 

1. Automatic inert-gas consumable 
electrode welding would be used whet 
ever pra ticable 

2. Semiautomatic welding by the 
pro would bn the ond how 
where «le posit rate might be a sagnificant 
factor 

3. The inert-gas tungsten-are pre 
ess would be used for tacking, loca 
repairs and general hand welding 

4 Preheat would not be used 
5. The largest practicable electrode 
size would be tried for welding at least 
the initial specimens 

6. Multiple passes of not more this 
0.15 lb per foot per pass, and pret 
erably about O.1 Ib per foot per pass 
would be used for automatic welding 

7. Stringer bead techniques would 
be used for all welding, with bead widt! 
of approximately four to five times the 
electrode diameter and not to exceed 
seven times the electrode diameter 

Table 1 


shows the speciheatior 
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Fig. 4 Fusion line, 5154 in 5154-F 


Procedures 


t 

tr 

i 

col 


t 
All welds reported were made by the 
consumable-el trode pro 
using constant wire teed apparatu 
on-tant-potential welding power 
The power upply had drool ol ap 
proximate one volt per one hundred ' 
amperes at the terminal Ar oltage 
mamtained it ipproximate! 
tra 
twenty-eight to thirt alt ‘ 
w the operator encountered macro 
porosit ittributable to the filler ware + 
Ahere the oltage Was med to ap 
proximate thirty-four volt 
shi ng for the consumalble-el 
tre ‘ vas SOS, le i! 
irwon, With helium flows of from 60 to a 
100 cfh depending upon ambient con 
Shielding gas for the tung 
Process Wis velding-gract 
he 
Amperages were determi on the 
deposit rate and af 
characteristics. Production lepart 
nt procedures and amperage re 
itistuctor ind the followimg figure 
ire t in. electrode 975 
350) amt n. eleetroce 400 
*/ein. electrodes, 350-475 
il (jenerall speaking thy 
il er ” t i ut ‘ 
lint g t rlues that t 
th 404 It | o ‘ 
that t need 
ng i ( ‘ ti 
154 itl t 
though there sé tor 
ere liatior t t 
weet nem Using t! j 
fille 
Macroexamination 
\iacroexamination of t 
ited Jess tender 
th t 5056 and 5154 alle | 
ener face 
ive ‘ t i 
eptibilrt to tl f Fig 7 
DecemMBer 1956 Groth, Matu 


5154 weld, X 200. (Re- 
upon reproduction) 


i not common to 


nm the necessaril 
t i t fa given weld 
ren i rather enretul 

i Obviousl the 
ment porosit could 
na n the base metal 
etal before elding The 
he clecompo tion produet a 
wants thy i we of the wire 


metal, yuently the 
‘ om mart « t ean 
» conta ited shielding ga 


contamination 


el atter the ga left 


onnection 
‘ | ine imdd gaskets, 
n the equipment An 
| t ‘ wd to b 
pote ti i 
ited t} ond 
lefect 
peor 
ter. or tribute 1} 
att to ga ‘ 
j wther it 
ith \ ond i pat 
i porosit 
Thi 
tr 


Typical weld section, as-welded 


eal elding tluminum 


Fig. 6 
duced by 


| rite 
tratiol 
trat 


i 
edu 
to 
i 
‘ 
erate i i 
i tl i 
i 
i! 
i 
tit 


5056 


weld, X 
upon reproduction) 


It 


187. (Re- 


susing 
dle of the puddle 


ras ire the papillary 


using pure 


defeet, usually of 
delusion 
faulty 
operation Due 


iy these defects 


hin 


cracks and 
hould be removed 
been out 
if exper need 
the typ. 
on and location of 
When this is the 
ed before 
ing mm cost) 
iveided, A 
hammer one of 
for econ 
iality control, and 
ivailable, welding 


ly excusable 


yeneral ap 


entrapped 


termined that at 
out of 


od size and 


‘ 
is noted in the seetior 
me 
lumits and analyses of the base metals lefect ri 
ind weld deposits considered in this in y Ol | 
vestigation 
yon \ third 
rey i i! 
ae 
i 
| 
mt 
at 
il 
: 
{ 
fact 
the ti 
eects bs 
There ore a of 
t ‘ y 
thot wid 
| 
/ 
2 (3) \4) 5) 6 
4 i 


lowering base-metal 
creasing speed, et 


2. Where the 
sufficiently 


temperature, in- 
above is not appli- 
effective 
the cooling rate in an attempt to pro- 


cable or decrease 


vide time for the gas to rise to the puddle 
and This 


effected by preheat, lower travel speeds, 


surtace dissipate can be 
increased amperages, ets 

5 Burn-out” defects when making 
subsequent passes. This involves wid- 
ening and deepening the penetration 
float out 


This can be done by 


profile to voids in previous 


passes 


[nerensing 
(bh) Inerensing voltage 
(c) Changing 


muxture 


shielding gas or gne 

d) Improving electrode surlace con- 
dition by using other wire 
Changing speed to keep are on 
base metal or previous deposit 
rather than dissipating are en- 
ergy in a large puddle 


j Use materials less prone to poros- 
them by heating 
them to drive off absorbed or adsorbed 

5. Change ratio of absorbed gas (in 


ity or “eondition’ 


puddle) to a more favorable one by con- 
trolling dilution. Interface 
often be decreased by 


porosity 
ean 
side-wall penetration 

Wire is the first variable suspected 
Where actual tests 
to be at 


moet 


have indicated the wire least 


926 


partially at fault, remedial procedures 


(not always desirable otherwise) can 
devised, In other in- 
stances it is not possible to make satis- 


factory 


sometimes be 


welds with the wire except in 
the manufacturer's laboratory. It 
might be noted that ther 
ordinarily exist a welding wire quality 


does not 


warranty as such. Some wire 
facturers will certify that a given lot of 
welding wire was tested (procedure not 
welds 


suppliers 


specified ) and found to produce 
quality 
will accept return of new wire found un- 
satisfactory by It should 
be noted that almost any wire will pro- 


of code” Some 


a customer 


welds in 
thickness, Code 
thickness 
organizations 
weld 


duce “code some minimum 


material allowances 


but 


cannot treely aec- 


INCTCHSECS 
many 
voids of or 


they 


cept metal 


greater diameter merely because 
are code acceptable 

Apparently the 
dition of an aluminum welding wire is 


what- 


exact surface con- 


not so eritical il the condition 
uniiorm from 
lot to lot 
wire will then 
eventually 
“Fair to 
good” wire will be matched with ap- 


ever it isis absolutely 
foot to foot 


month to month 


coil to and 
“Bad” 
and 


always he bad should 


disappear from the market 
propriate procedures and, if neither 
wire nor procedure is changed, “shop 
emergencies’ will become less common 
“Excellent” will do 
work with any minimum procedure and 


wire satisfactory 


] 


uLTimate 


aL 


BASE mt Tay 


ULTimaTe STRENGTH OnLy 


TENSILE 


will do premium work for the plant us- 
ing premium procedures. Fortunately 
what has been referred to as 
cellent’ wire can be no more expensive 


an 
to produce than many ‘“‘fair-to-good 
wires, and less expensive than some so- 
called “premium finish’ wires 


Metallographic Study 


A number of metallographic studies 


were made and Fig. 2 snows a section 
across the fusion line and heat-affected 
zone of a weld of 4043 alloy in 6061-F 
It will be noticed in this 


metal 


base maternal 
figure that in the base immedi- 
ately adjacent to the fusion line there is 
a concentration of segregations of one of 
the constituents in the material \ 
comparison with Fig. 3 shows that in rv 
heat treatment of a this 
nature the precipita 
tion of these phases had resulted in a 


weld zone of 


re-solution and 
general distribution rather than a con 
heat 
This seeond photomiu ro- 


centration in the immediate 
affected zone 
graph shows the material and weld in 
the T-6 condition and shows that the 
heat treatment has had some effeet on 
the weld deposit itself as the solution 
and precipitation treatments have som 
what broken up the original columnar 
structure of the deposit 

The third photomicrograph, Fig. 4 
is that of the fusion zone in the 5154 
alloy welded in the as-rolled or “EF” 
condition and shows that the weld de- 
posit itself is of generally uniform struc 
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Fig. 8 Tensile and yield strength dota Fig. 9 Ductility comparison data 
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does not seer to 


there 


‘ous base-metal ind veld ota 
constituents 
ipproximately 200 and shows a 


tion taken from an area in the appro 


exist a number of pronounced straivht 


wet 


lines indicating the general! progress of 
grain growth upon cooling of the weld east e a 
nugget. The last photomicrograp! 
Fig. ¢ that of a weld dey 
», is it orn eh deposit in the Fig 10 impact 
056 alloy and two things me to one | : Ps strength compari- 
ittention First, the development. of ease | son dato 


e grain structure has been somewhat 
random as though there wer i vrent 


number of ervstal nucle: forming cen 


ters of solidification of the weld ce fT 24° 


Second! t number of deposit 


phinse constituents can te identified thaateria mia be of interest 
vhich Keeping with the somewhat iting that of the ba material The | yl tA ernest il to date on 
higher alloy content of this material bach of the 1 hanieal property in. alumoinu vas OSS amp. 


This photomicrograph also reveals the graphed dividua to bette On one « on an are of | hr 55 min 
scatter of micro porosit which was in tate compa n of that propert duration Hiaintaumed with 4048 
found to exist in these welds and which for each of the alle or conmedity fille ( on GOOG] ise metal on an 
may or may not be a problem in future higure Ss show tensile nid eld other occasion a ‘ of 3 hr and 15 
production work rhis porosity wa trengthes It obvious that in the luratior intained with 
found to be most prevalent along the inwelded = base etal alloy 6061-T6 DA alle It has not been unusual to 
ower penetration or fusion line profile uperior All S056 econd and ise 40 II { per machine per S-hi 
of enel and WHS too fine to 154 third itter i ¢ whine pet three 
be detected with the naked eye or or ve is the ;ecOompanyving veld halt ling set-up time 
dinary shoy optical equipment trengths, could te mproved if a iti equine close 
It might be noted that partially as a factory meat ould be found for work operat een the engineering and 
result of the findings of this investiga hardening = the ection Welding producit | th constant sur 
tion, further work has been and is being hanges the picture drasticall und the ‘ mee to we out more economical 
done to find more itistactor filles (HO6O1-T6 weld strengt) limited by the wnt desig tistuectory pro 
metal allo for the welding of hes trength of the heat treated weld deposit edu It { ‘ il to re 


matenal which is to be heat treated | alin ipproximatel that of fe ents for aecess in 


Phere int 1 nu " ol log i ourses od veld ind below that of mprove heme 
for such a study, one of them being te \ HOOL in the ‘ time in heed 
modify the 4043 alloy and another to ele ond u tinent It desirable that 
modify the 5052 or 514 allo While t ‘ the «ore toy ‘ ! ti onvenenth 


equip 


itter course | result in better du that he vill HOOl in ti ent erutie 1) equires that 
tilit There wi indoubted! il t ‘ ‘ ‘ han vith we 
bv ore to report on th iect at a | j 4 ‘ t duetilit ‘ thy ote contre if ting equipment 


dats ti termined | fy It desirable that th 
if ‘ opportunity to 
Test Specimens 


ileal O56 d 5154 inderst the equipment 


th if he 


I groove he n big. 7 ive 1O ert is to the exact 

All allo vere welded in tl is-rolled wt data on the ow anid sag det f tl wocedure which 

onditror 14 wid heat ‘ Woo and Lod i er rie bite Phi 

treatment ted for t HOO] alle : , hat et t does not sound 
Fabrication Data 

for lafter weld It ilou notes that some 


perature 


(5°, on wire onlorming j if il inulactu el ilige take 
t onventional industria practice ranizatios alo Use primes the ¢ if hi lunch, 
The other aloys were welded with ening | ott ent noperative tor 


EMBER 1956 (froth Vatu (aki elding Aluminum “4 


ture and that there has occurred a ge 7 4 
ral coarsening of the grair tructure in MAK 
: the immediate vicinity of the fusion line 6 Samm | 
since this t Work-hardening alle — 
4 
ind phase precipitation snot a tactor 
in its hardness and tensile strengt) 
any rest ‘ | 
chang t tribution of 
wt é 
mate center of the weld deposit It _— - 4 
can be samm from this figure that there i 
T 
| t 
7 
both courses lead to adequate strength Yield strengt thie eld dey t i periag nd slight bend ‘ 
hie noted wall that thy ots ele ‘ plate j equire ol 
teria evealed no beneficial proy wet neve! irrence, but the t Atan aver 
4 
ties wil h might have esulte om itter t ‘ ertau owe if out twelve 
the ling operat n sit! ig! t} tual Part tt to 


a multitude of other reasons 


Conclusions 


Aluminum alloys 5056 and 5154 can 
be fabricated using conventional equip- 
ment and procedures. They are supe- 
rior to alloy 6061 for heavy weldments 
which cannot be heat treated to the T-4 
condition after fabrication Where 
weld ductility and impact strength are 
factors, they are definitely superior al- 
loys. It is evident that alloy 6061, 
in the thicknesses tested and using the 


filler alloy noted herein, shows abso- 


lutely no short-time advantages unless 
heat treated 


Progress is being made in the prob- 
lems of alloy composition, gas purity 
wire cleanliness, machine design and 
control, Many of the problems first 
associated with this type of fabrication 
have been solved by the organizations 
pioneering this work, and the solutions 
are available to industry through the 
hands of the many industrial sales and 
service organizations who have co- 
operated in making those equipment 
and material changes deemed desirable 
The 20-lb coil of alum- 
inum wire, for instance, was born of the 


or necessary. 


necessity to save time where coil changes 
of up to four times a day were neces- 


sary and 50-lb coils were impractical 
because of their physical size. 
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BY W.H. CHANG 


Introduction 
Furnace brazing, particularly that of 
heat-resisting materials, often requires 
a controlled hydrogen atmosphere to 
reduce the metal oxides present on the 
surface of the base materials. As a 
guide to establishing the brazing pro- 
cedure, it is helpful to have a diagram 
relating the water-vapor content of the 
hydrogen atmosphere to its reducing 
characteristics. Such a diagram may be 
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New proposed diagram may be used as a working 


guide for furnace brazing in hydrogen almospheres 


A DEW POINT-TEMPERATURE DIAGRAM 
FOR METAL-METAL OXIDE EQUILIBRIA IN 
HYDROGEN ATMOSPHERES 


constructed by plotting log (Pao/Pa) 
as a function of 1/7’ for the reaction of a 
particular metal oxide with hydrogen 
under equilibrium conditions.’ How- 
ever, the usefulness of this representa- 
tion is considerably obscured to the 
brazing field where the water-vapor con- 
tent of a hydrogen atmosphere is com- 
monly expressed in dew point rather 
than in the ratio of the partial pressures. 
The conversion of 1/7, where T is in 
°K, into temperature of ordinary 
units, also proves to be unnecessarily 
inconvenient, 


Chang—Dew Point-Tem perature Diagram 


For these reasons, a new diagram, 


intended primarily for brazing, is 
hereby proposed by relating the dew 
points of the hydrogen atmosphere to 
the temperatures at which various 
metals are in equilibrium with their re- 
spective oxides. To provide some un- 
derstanding of this diagram, a simple 
derivation and illustration of the prin- 


ciple is ineluded, 


Thermodynamic Considerations 
The reaction between hydrogen and 
metal oxides may be represented by the 
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equation 


where M and M,,0, stand, respectively, 
for the metal and its oxide in question, 
m and n are constants for each reaction 
and s and g indicate solid and gaseous 
states 
picts a rivalry for oxygen between the 
metal and hydrogen. To what extent 
reduction of the metal oxide will occur 


Equation 1, in essence, de- 


depends exclusively on the equilibrium 
constant, K, which varies with tempera- 
ture and, for a given temperature, is a 


constant. For eq 1, 
AM mOn Pa, 


in which the a’s denote activities and 
Puy and Pu, are the respective 
pressures of watervapor and hydrogen 
It will be noticed that the metal and its 
oxide are substantially in their standard 
states 
are correspondingly unity 


partial 


Their activities, ay and dy,,on, 


The equilibrium constant is related 
to the standard free energy 
Al of the reaction, by the ¢ x pression 


RT in K 5 


change 


where F is the gas constant For the 
reaction represented by eq 1, it follows 
that 


Puyo 
= RT in ( ) 
Pu, 
P 
L576nT log ( Pu, ) 4 

in which AF® is in calories per mole of 
M,,O, and T in ° K. It is apparent 
that if AF° is known as a function of 


temperature, the equilibrium relation- 
ships hetween Pu,o and Pu, for any 
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Metal-metal oxide equilibria in hydrogen atmospheres 


given temperature ma be obtained 
from eq 4 

The temperature dependence of Al 
is linear for some reactions and non 
linear for others Since in either case 
the construction of the present dia- 
gram is valid, a linear temperature de 
This depend- 


pendence will be a umed 


ence may be represented by 


\/ i+ B7 
in which { and BR ire constants (‘om- 
bining eqs 4 and 5 gi 


P ayo 
1.576n7 log ( Pr ) A + B7 


or 
(108 pa’) = (asim) 4 
( az) 
1.576n 


By plotting log Pu, against 1/7’ 
i straight line results constituting the 
basis of representation mentioned, in 
the introduction.! The wnificance of 
eq 6 will be discussed later 

In accordance with the purpose of the 
present diagram, it now remains to 
transform the Pyo/Pr 

points. This is 
finding the 
at each dew point and 


ratios Puy Pu, 


ratios into 
corresponding dew 
water- 


accomplished b 


ipor pressure 
calculating the 

Once the relationship 
point ind iPy, Pu, ire known, it is 
construct the 
diagram, For 


point i assumed 


hetween dew 


then a simple matter to 
dew point-temperature 
each section, one dev 

and converted into the corresponding 
Puy Pa, ratio The latter is then sub- 
stituted into eq 6 to obtain the equilib- 
rium temperature. By repeating this 


procedure a curve re lating dew pointe 


Dew Point-Temperature Diagram 


to temperature nia ly drawn cone 


sisting oO may be de- 


fas many pomts a 


Presentation of Diagram 

Based on the foregoing principle, a 
dew point I 
presented in Fig. 1 for 
SiO. MnO. ZnO 
Fe, and FeQ In prey 


rtinent 


diagram 1s 
ALO s, TiOs, 
MoOs, WOs, 
ring this dia- 
gram, the tandard = tree 
energ change equation ire obtained 
from the work of Kubaschewski and 
The dew point-log (Pu,o/- 
Py.) conversions are based on the water- 
vapor pressure data from the Handbook 
of Chen 

It will be observed that most of the 
oxides included in Fig. | are those likely 


to pre ent on the materials 


Which are usually furnace-brazed in 
hydrogen atmospher Since this dia- 
gram is intended pr il for brazing, 
the «e point axis ranges from +80 
to 140° F and the temperature axis 
from 70 to 4000° | luther dew point 
or temperatures outside these ranges 
will seldom, if ever, be encountered in 
brazing application hor the same 
reason, or a8 a consequence of it, rela- 


tivel instable oxides of Cu, Ni, Pb, 
ete i yell as the el oxides of 
Ca and be ire 


urve thy 


luded in this dia- 
unstable 
oxide drawn he further to 
the left than the curve for FeO These 


oxide ma thus be reduced at rela- 


gram Phe 


tivel low temperature 
h drogen atmosphere On the other 
hand, the curve for CaQ) and 


would le to the right 
To reduce these oxide 


temperatures or extrem pure hydro- 


of that for AlOy 
unu ually high 


The resuite given in | i l are in sub 
stantial iwreement vith thom shown 
by Darken and Gur ‘and by Lust- 
man However comparing the present 
diagram with that adopted in the AWS 
Brazing Manual’ disagreement existe 
for Cr) MoO) and WO), 
jased on the thermodynamic data, 
wm ie stable than MnO This 
relationship is reversed in the Brazing 
Vanual 
latter, the equilibrium temperatures tor 
the CrOrl stem are 3000" F at a 
dew point of O° F and 2300° F at a dew 
point ol In big. 1, the cor 
found to 


diagram According lo the 


responding temperatures al 
be about 2250 and 1600° | 
In addition, the lines for MoO, and 
WO, are placed in the Brazing Manual 
close to that for SiO, This is 
derable contradiction with the 


diagram 
im con 
thermody nami lations? which 
show that MoO ind WO, are not 


near! i table a depicted 


Interpretation of Diagram 
Rach line in Fig 1 is basically an in- 
representation of 


dividual graphical 


4 | 
40 | 
V4 | 
| 
20 
| 
| 
| 
| 
| | | 
| | | 
| 
| | 
00 
| 
| 


woe (pit?) = 


( B 

which determines the equilibrium ratio 
ol Puy Py, at a given temperature 
Under equilibrium conditions, the rate 
of oxidation of the metal by water vapor 
is exactly equal to the rate of reduetion 
of the oxide by There is 
thus no net oxidation or reduction after 


hydrogen 


equilibrium is established, and the ratio 
Pu Pu, 

teristic of 
Water-vapor 


becomes constant, charac 
that temperature. If the 

content, or dew point 
should increase while the temperature 
remains unchanged, the equilibrium is 
Water vapor 
reduce its partial pressure, commences 
to oxidize the metal until the equilib- 
rium ratio of Pro/Pa, (which must 
be constant for a given temperature) is 
Conversely, by lower- 


disturbed in seeking to 


again restored 
ing the dew point from the equilibrium 
value 
reduce the oxide in order to re-establish 
the equilibrium. The effeet of tem 
perature may best be from the 
slopes of the curves shown in Fig. 1. 
That the slopes are all positive for the 
systems included therein indicates that 
higher temperature, a 
water 


hydrogen, being in excess, will 


Seen 


at a greater 
amount of tol- 
erated in maintaining the equilibrium. 
Prevention of oxidation or reduction of 
oxides is thus favored at elevated tem- 


vapor may be 


peratures. 

It follows that each curve in Fig. | 
represents uM boundary separating the 
zone of oxidation (left-hand side) from 
the zone of reduction (right-hand side) 
The relative position of each boundary 
depends on the stability of the oxide, 
being further to the right of the diagram 
the more stable the oxide In actual 
application of Fig. 1, the significance of 
each curve may be better grasped from 
the purpose for which the curve is ap- 
plied. In brazing, the 
reduction of oxides is of primary im- 
portance. At a given dew point, the 
corresponding equilibrium temperature 
is then the minimum temperature re- 
quired, and at a given temperature, the 


for example, 


equilibrium dew point is the maximum 
dew point allowed to prevent oxidation 
In order to reduce the oxides already 
present, either a higher temperature or a 
lower dew point than the equilibrium 
values must On this 
basis, the use of Fig. | mav be illustrated 
for the case of CroOy. Assume that a 
atmosphere having a 
point of —40° F is available to reduce 
CrOs. From. this point the 
vertical axis of Fig. 1, a horizontal line 
drawn to intersect the Cr QO, 


be employed, 


hydrogen dew 


dew on 
may be 
curve If 
from the intersecting point onto the 


a vertical line is dropped 
abscissa, the equilibrium temperature, 
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chromium 
the 


located The 
reduced b 


17 is 


oxide will the n he 


itmos- 


phere at temperatures slightly above 
1750° F, provided the dew point is 
maintained at i) I Conversely 
at a temperature of 1750° F, a hydrogen 
atmosphe re having a de point jess 


than —40° F will be adequate to reduc 
the onic It will be 


tween temperature 


realized that be 
the 


cannot be re laxe a 


and dew point 


requirements tor one 
stricting the 


without re requirements for 


the other. In the above example, for 
instance, if the dew point is raised to 

20° F, the oxide will not be reduced 
until the temperature is above 2000° | 
Sunilarly, by lowering the temperature 
to 1150° F, a dew point below 


ssential 


becomes ¢ 
the conditions under 


which the diagram ts constructed should 


In using Fig. | 


Since the diagram is 


thermod 


he borne in 


namic rela- 


the 


based on simple 
reaction 
the 


energy ot 


tionships, it does not specify 


rate which is determined by 
tential 
the process through which the reaction 
tukes place 
stable oxides, which is predicted by Fig 


tem- 


barrier or activation 


Thus, reduction of un- 


1 to be possible aft relatively low 
peratures not vroceed to discern- 
ible extent within 
time. It should be 
that for the reactions o« 


a desired length of 
pointed out, how 
evel urring at 
high femperatures the reaction rate 1s 
in general, rather rapid 
Rach rig. | 
system in which the pure metal and its 


taken to be 


curve nm Is based on 


oxide are in their standard 


states Should the metal exist instead 
as an alloying element (such as m a 
base material being brazed), its activit 

will be less than unity, resulting in dew 
point-temperature relationships — dif- 
ferent from those predicted in Fig. | 
Consider, for instance, the oxidation of 
chromium in its pure state 

201 + 3H 


and as alloying element in steel 


+ 3H) 


Tihia 


The equilibrium constants are for eq 7 


‘ 


and for eqs 


Pa’ \* 1 
AK ) 10 


Since both eases pertain to the reaction 
the eon 


ior a given 


of water vapor with chromium 


stants must be identical 


temperature Hence 

( Pu, ) 
Puyo 

In eq 11, the 

chromium, 4a, 


activity of 
other 


content as well 


ilue of the 
depends, among 
things, on the chromium 
(such 


as the nature of its existence as in 


solution or as carbides In any event 
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it is less than unity so that from eq 


the relationship 


/ Py 12 

Py Py 

Pity Pa ' 

Py Pa, 
exists equation 13 thus states that 
in order to prevent oxidation of chror 
lum, or any other metal included wu 
Fig it higher dew point ma to 
erated when the metal is alloved than 
when it is in its pure state Phis prob 
ibly explains wh vhereas pure 
or TiOse cannot be reduced at 2150° | 
in a hydrogen itmosphere with a dew 
point of OO° F. heat-resisting mate 
rials which contain small amounts ef Al 
ind Ti, may still be brazed under these 


a rapid he ating 
the discussion of Fig 


conditions with 


teturning to 


1, it may also be mentioned that whet 
several oxidizable elements co-exist in 
the base material, it not unusual for 
their oxides to form spinels (rM,,0,-y 
M,’0O, The latter may then respond 
to a given hydrogen atmosphere in a 
manner unlike that shown b the in 
dividual oxides. Finally, it is obviou 
that the dew point given in Fig. | rv 


fers to that of the atmosphere surround 
the 
nless prolonged purge ol 


tem 
the 
undertaken, any assump 
point to be that 


ing reacting &\ question 

be 
contamer 8 
tion of the actual dew 


measured from the exit of the 


gas, 
inlet gas, will lead to serious errors 

The foregoing remarks should have 
that 


shown in Fig. 1 is 


made it clear i diagram like that 
not tailored to take 
care of every aspect of brazing Never 
theless 

thermod 


perature and dew pomt on the oxid 


it serves to deseribe some bast 


namic requirements tet 
of metals and reduction of thei 
in h To the 
brazing field wher 


drogen high-temperature 


base material in 


in yeneral illovs rather than pure 
metals, these requirements may be 
sidered as limits which need not be ex 
ceeded in order to prevent oxidation or 
to effect reduction. In fact, these 


quirements, i satisfied in brazing, ma 


be looked 
ifet 


ding marg 
intended, It 


understands 


upon pre 

PUT pose 
m the basis of such 
that the 


for the 
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be used & Working 
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